Brigham Young University

BYU ScholarsArchive
Theses and Dissertations
2022-05-02

Investigation of Skid Resistance on Asphalt Pavements in Utah
Aaron B. Smith
Brigham Young University

Follow this and additional works at: https://scholarsarchive.byu.edu/etd
Part of the Engineering Commons

BYU ScholarsArchive Citation
Smith, Aaron B., "Investigation of Skid Resistance on Asphalt Pavements in Utah" (2022). Theses and
Dissertations. 9457.
https://scholarsarchive.byu.edu/etd/9457

This Dissertation is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for
inclusion in Theses and Dissertations by an authorized administrator of BYU ScholarsArchive. For more
information, please contact ellen_amatangelo@byu.edu.

Investigation of Skid Resistance on Asphalt Pavements in Utah

Aaron B. Smith

A dissertation submitted to the faculty of
Brigham Young University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

W. Spencer Guthrie, Chair
Daniel Ames
Michael Dorais
Clifton Farnsworth
Grant Schultz

Department of Civil and Construction Engineering
Brigham Young University

Copyright © 2022 Aaron B. Smith
All Rights Reserved

ABSTRACT
Investigation of Skid Resistance on Asphalt Pavements in Utah
Aaron B. Smith
Department of Civil and Construction Engineering, BYU
Doctor of Philosophy
Friction is one of the essential aspects of pavement performance and safety.
Unfortunately, the rate at which the friction data are being collected exceeds the rate at which the
data can be proficiently analyzed. Furthermore, the Utah Department of Transportation (UDOT)
lacks long-term trend analysis for the many years of locked-wheel skid trailer (LWST) data
collected in Utah. In addition, UDOT is missing a statistically adequate correlation equation
between friction-testing devices. Likewise, only one method is used in Utah to prequalify
aggregates for use in pavements. Finally, there has not been an investigation of the potential use
of lithium silicate solution in Utah as a hardening agent to decrease the rate of friction loss.
This research consists of five objectives. The first objective was to investigate pavement
friction factors that influence skid resistance; methods of measuring skid resistance in the
laboratory and the field, including correlations between test results; methods of evaluating
aggregate sources; and methods of enhancing skid resistance of asphalt pavements through a
comprehensive literature review on these subjects. The second objective was to investigate
temporal trends in skid numbers measured using the LWST on Utah highways with different
surface treatment types. The third objective was to develop a three-way correlation between the
skid number measured with the LWST in the field, the British pendulum number measured with
the British pendulum tester (BPT) in the field, and the polish value measured with the BPT in the
laboratory. The fourth objective was to investigate selected performance-related properties of
aggregates used to produce surface treatments at several field sites representing Utah conditions.
The fifth objective was to examine the potential benefits of lithium silicate treatment for
improving the resistance of aggregates to polishing. The scope of the research for the five
objectives included statistical analysis, field testing, and laboratory experimentation.
The findings include, first, a literature review that identified four critical deficiencies in
Utah’s friction-related literature, which formed the basis of the remaining four objectives.
Second, a statistical analysis of 9 years of LWST data indicated above-average skid values
across Utah’s pavement network. Third, correlations were evaluated for multiple friction-testing
devices. Fourth, X-ray diffraction testing methods were found to compare favorably to the
accelerated polish test. Fifth and finally, the effects of lithium silicate solution on polishsusceptible aggregates were documented. This research has substantially advanced the body of
knowledge on pavement friction testing and improving the resistance of aggregates to polishing
in Utah through laboratory and field experimentation.
Keywords: aggregate polishing, British pendulum tester, circular texture meter, dynamic friction
tester, lithium silicate, locked-wheel skid trailer, pavement friction, skid number
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1.1

INTRODUCTION

Problem Statement
Friction is one of the essential aspects of pavement performance and safety. Much effort

has been invested into understanding and predicting how pavement friction deteriorates over
time. Friction between the tire and pavement surface is a major factor affecting the ability of a
vehicle to turn, accelerate, and decelerate on a roadway. A considerable safety problem on wet
pavements is low friction, as the water film creates a sliding hazard that leads to increased
vehicle lane departures and crashes. Many different testing methods have been evaluated for
monitoring pavements for potential low-friction spots, while new methods continue to be
developed.
The many complex factors contributing to skid resistance include, but are not limited to,
vehicle weight, contact area, temperature (air, tire, and pavement), surface texture, water film
thickness, testing speed, aggregate geology, surface grit, traffic levels, aggregate gradation, and
pavement surface type. Low skid resistance is evident earliest on pavement surfaces constructed
using polish-susceptible aggregates consisting of soft minerals such as dolomite and limestone.
Polishing is the gradual wearing of the surface texture as vehicle tires abrade the surface and
reduce the friction from the macro-texture and micro-texture. The most common mitigation
against polishing and low skid resistance is placing polish-resistant aggregates with high friction
at the surface of the pavement.
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While other researchers have previously studied these topics (Hall et al. 2009, Henry
2000, Henry et al. 2000, Jayawickrama and Thomas 1998, O’Brien and Haddock 2009,
Wambold et al. 1995), several issues specific to Utah are addressed by the current research.
Specifically, the rate at which friction data are being collected exceeds the rate at which the data
can be proficiently analyzed, and the Utah Department of Transportation (UDOT) lacks longterm trend analysis for the many years of locked-wheel skid trailer (LWST) data collected in
Utah. In addition, UDOT is missing a statistically adequate correlation equation between
friction-testing devices. Likewise, only one method is used in Utah to prequalify aggregates for
use in pavements. Finally, there has not been an investigation of the potential use of lithium
silicate solution in Utah as a hardening agent to decrease the rate of friction loss. This
dissertation addresses these issues in five research objectives related to skid resistance of asphalt
pavements in Utah. Each objective is presented in a separate chapter, with the individual chapters
typically representing separate experiments.

1.2

Research Objectives and Scope
The five objectives developed for this research include the following:
1. Investigate pavement friction factors that influence skid resistance; methods of
measuring skid resistance in the laboratory and the field, including correlations
between test results; methods of evaluating aggregate sources; and methods of
enhancing skid resistance of asphalt pavements through a comprehensive
literature review on these subjects.
2. Investigate temporal trends in skid numbers (SNs) measured using the lockedwheel skid trailer (LWST) on Utah highways with different surface treatment
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types. In addition to age, examine other factors that may influence skid resistance
measurements.
3. Develop a three-way correlation between the SN measured with the LWST in the
field, the British pendulum number (BPN) measured with the British pendulum
tester (BPT) in the field, and the polish value (PV) measured with the BPT in the
laboratory.
4. Investigate selected performance-related properties of aggregates used to produce
surface treatments at several field sites representing Utah conditions, including
sites in Utah Department of Transportation (UDOT) Regions 2 and 4.
5. Examine the potential benefits of lithium silicate treatment for improving the
resistance of aggregates to polishing.

The scope of this research included a literature review and both laboratory and field
investigations. Nine years of LWST data were analyzed to investigate deterioration trends. In the
laboratory, nine hot mix asphalt (HMA) aggregate materials were tested for PV and carbonate
content. In the field, 12 experimental pavement sites differing by annual average daily traffic
(AADT), surface type, age, and aggregate source were monitored across a fall, winter, and spring
in UDOT Regions 2 and 4 for BPN, PV measured using a BPT, SN measured using an LWST,
mean texture depth (MTD) measured using an SPT, SN measured using a dynamic friction tester
(DFT), and mean profile depth (MPD) measured using a circular texture meter (CTM). Surface
treatment aggregates used at each of the 12 sites were sampled for laboratory testing in
conjunction with field testing. Four of the 12 sites contained the same aggregates; therefore, nine
different aggregate types were classified and tested for PV. Three of the 12 sites were treated
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with a lithium silicate solution and tested to examine the potential increase in polishing
resistance. In addition, statistical analyses and correlation equations were completed on selected
datasets.

1.3

Outline
Seven chapters are included in this dissertation. Chapter 1 presents the overall problem

statement, states the research objectives, and describes the scope of the research. Chapter 2
focuses on the literature review for the first objective and includes background information on
pavement friction, safety-related issues with low-friction pavements in Utah, techniques for
mitigating low friction, and the potential to resist polishing with lithium silicate treatment.
Chapter 3 focuses on the second objective and provides background information on temporal
trends in skid resistance and descriptions of analyses performed on 9 years of LWST data.
Chapter 4 focuses on the third objective, which is primarily to compare the BPT, SPT, CTM, and
DFT results with those from the LWST. Chapter 5 focuses on the fourth objective and provides
background information on investigating the polish susceptibility of surface treatment
aggregates, descriptions of accelerated polish tests, and XRD laboratory testing results for two
aggregates. Chapter 6 focuses on the fifth objective, provides background information on
examining the benefits of a lithium silicate solution, and details descriptions of the laboratory
and field testing performed in this research. Finally, Chapter 7 summarizes the entire dissertation
and includes a summary, findings and recommendations, and main contributions.
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2

2.1

LITERATURE REVIEW

Introduction
The objective of the research presented in this chapter is to investigate pavement friction

factors that influence skid resistance; methods of measuring skid resistance in the laboratory and
the field, including correlations between test results; methods of evaluating aggregate sources;
and methods of enhancing skid resistance of asphalt pavements through a comprehensive
literature review on these subjects. The following sections were developed from a literature
review and describe pavement friction, safety-related issues with low-friction pavements in Utah,
and techniques for mitigating low friction.

2.2

Pavement Friction
Pavement friction is one of the primary factors that control skid resistance. The

components contributing to pavement friction have been extensively studied throughout the
world over the past 70 years. Road friction between tires and pavement surfaces is critical for
turning, accelerating, and braking of vehicles. The overall road surface texture and properties of
the aggregates used in pavement surface layers significantly contribute to skid resistance.
Pavement friction is one of the most important factors in reducing the number of roadway
departures, especially on wet pavements; a strong correlation exists between the occurrence of
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wet pavement with low friction and the occurrence of crashes (Burchet and Rizenbergs 1982,
Henry and Hegmon 1975, Kamel and Gartshore 1982, NHTSA 2013).
Pavement friction includes both micro-texture and macro-texture of the pavement
surface. Pavement micro-texture is defined as “a deviation of a pavement surface from a true
planar surface with characteristic dimensions along the surface of less than 0.5 mm,” and
pavement macro-texture is defined as “a deviation of 0.5–50 mm” (Henry 1996, Wambold et al.
1995). While micro-texture is a function of the surface texture of the aggregate particles, macrotexture is determined by the overall properties of the pavement surface and provides surface
drainage channels for water to flow through as it is pressed between the tire and pavement; the
contact area between the tire and pavement on wet surfaces is enhanced due to this ejection of
water. Therefore, frictional resistance is also improved on wet surfaces with sufficient macrotexture (Fulop et al. 2000, Hanson and Prowell 2004).
Even though friction has been exhaustively studied over the past few decades, new doors
are continually being opened due to technological advances with measuring devices. These
technologies lead to new research that improves gathering and analyzing data at highway speeds
throughout an entire network-level pavement system. In Utah, annual collection of network-level
pavement friction data consists of measuring SN using an LWST on UDOT roads between April
and November. With massive amounts of data being collected through technologies like
scanning lasers and continuous friction measurement vehicles, there is a need to analyze the data
and predict how friction changes with time and traffic. There is also a constant need to search the
data for patterns that can predict current and future friction supply to ensure that the supply will
meet the demand caused by ever-increasing traffic volumes. Unfortunately, the rate at which data
are being collected exceeds the rate at which the data can be proficiently analyzed. Until tools
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are created to enable automatic analyses, the data will continue to accumulate and expire before
they can be utilized within pavement management programs.
Development of a viable friction prediction model has been the objective of many prior
studies (Henry 2000, Henry et al. 2000, Jayawickrama and Thomas 1998, O’Brien and Haddock
2009). Although pavement friction prediction models have been available for decades, some
have doubts about their validity and reliability. Many researchers conclude that their prediction
equations do not consider all possible variables and are valid only when the exact conditions are
replicated (Henry 2000). This stipulation is problematic because each new pavement is placed
differently than the one preceding it. In other words, exactly replicating the conditions under
which a given prediction equation is developed is difficult, if not impossible. Furthermore, it
appears that each state agency would require specifications tailored to that state’s unique traffic
levels, pavement types, and climate(s). While other studies have attempted to develop
correlations between field and laboratory friction measurements, the literature does not show that
one has been conducted in an area like Utah, where a cold, dry climate prevails.
Researchers commonly use field and laboratory testing devices to assess roadway surface
friction and texture (Giles et al. 1962). Examples include the BPT, CTM, DFT, LWST, and SPT.
The primary purpose of many friction-testing devices is to quantify the friction value at the tirepavement surface interface. To accomplish this measurement, the BPT, DFT, and LWST drag a
rubber slider or tire across the pavement surface while measuring the resisting force of the
pavement friction. However, the CTM uses lasers to measure texture, while the SPT involves
determination of MTD from a measured area over which a known volume of sand is spread.
The general understanding presented in the literature is that an unacceptably high
variability exists between laboratory and field friction measurements (Fu 2001, Fu and Chen
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1998, Harwood et al. 1987, Kuemmel et al. 2000, NHTSA 2009). In addition, some factors are
uncontrollable, such as seasonal changes, traffic, construction quality, etc. Indeed, within a single
friction data collection season, 30-point swings in SN have been observed on the same section of
pavement (Rice 1977). Therefore, the current research aims to incorporate variability-reducing
techniques to enable development of more reliable prediction equations.
In 1996, UDOT commissioned a study to determine lower limits for SNs measured using
an LWST in the field and PVs measured using the accelerated polish machine in the laboratory
(Giannonatti 1996). The researchers studied 32 chip seal pavement sections, conducted skid
testing on each section using an LWST, and performed laboratory polish testing on the
aggregates from each section. A summary of the results from the study is shown in Figure 2.1,
which illustrates the absence of a statistically adequate trend between field and laboratory
friction measurements.

Figure 2.1 Relationship between SNs and PVs for chip seals (Giannonatti 1996).
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Researchers have previously reported that both field-measured SN and BPN shift toward
lower values during the summer months, reflecting an increase in tire temperature and a decrease
in the exposed pavement surface area at the micro-level (Dickenson 1989, Fu 2001, Fu and Chen
1998, Oliver et al. 1988). As presented in previous studies, the general hypothesis is that
prolonged periods of dry weather allow fine particles that are polished off the aggregates under
trafficking to accumulate on the pavement surface, resulting in a loss of micro-and macro-texture
(Fu and Chen 1998). This action, together with contamination from vehicles, such as oil
drippings and grease, leads to lower skid resistance during late summer and fall. In winter,
deicing salts cause the aggregate surfaces to rejuvenate through exfoliation, which exposes new
mineral surfaces (Fu 2001, Fu and Chen 1998). Then, the fine grit is flushed out during
springtime precipitation, enhancing the micro-texture of the aggregate surface. Rainfall also
cleans the drainage channels between the aggregate particles, thus increasing the macro-texture
of the pavement. The coarser aggregate surface then increases the skid resistance of the
pavement in the spring and early summer. In addition, the polishing susceptibility of the
aggregate is likely lower during winter as pavements remain wet for longer periods than during
summer; in wetter periods, the water film covering the pavement acts as a lubricant and reduces
the polishing effect of vehicles on the surface aggregates (Fu 1998 and Chen).
The temperature of the tire rubber is another factor that affects the variation of measured
SNs. The cause of this variation is hysteresis of the rubber tire. Hysteresis is the energy loss upon
elastic recovery in the form of heat when the rubber tire is compressed as it slides over the
pavement. It follows that rubber becomes more flexible at higher temperatures, leading to more
energy loss. Higher temperature thus leads to a decrease in the measured SN (Fu and Chen
1998).

9

Laboratory Test Methods
Several laboratory methods are used to evaluate aggregates for wear and/or degradation,
which are surrogates for polish susceptibility. These tests include the accelerated polish, acid
insolubility, micro deval, and XRD tests. However, the two most common tests are the
accelerated polish and acid insolubility tests, which are described in the following subsections.
2.2.1.1

Accelerated Polish Test
The accelerated polish test involves use of the British polishing wheel in conjunction

with the BPT and is intended to simulate the polishing effects that a pavement or aggregate
undergoes in the field under vehicular trafficking. Research has shown that the British polishing
wheel, which is used in this study, is the most commonly used polishing method in the United
States (O’Brien and Haddock 2009). This process involves testing of five specimens, or
aggregate coupons, at a time. Coupons are fabricated using aggregates sourced from the same
supplier that was used, or that is intended to be used, for construction of a given pavement.
Curved coupons for the British polishing wheel are prepared by washing, grading, and
placing coarse aggregate particles in a curved metal mold and gluing them in place with epoxy.
The samples are prepared to avoid bias through random selections of aggregate particles for
inclusion in the coupon (Moon and Fu 1996). In this test, BPNs are measured before and after 10
hours of polishing and reported as initial and final BPN, or BPN 0 and BPN 10, respectively
(O’Brien and Haddock 2009). Before polishing, the coupons are tested for initial BPN with the
BPT according to American Association of State Highway and Transportation Officials
(AASHTO) T 278 (Standard Method of Test for Surface Frictional Properties Using the British
Pendulum Tester). The coupons are then attached to the polishing wheel. Next, a smooth,
pneumatic tire and the polishing wheel with the attached coupons are rotated in contact with each
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other while water and carbide grit are applied to the coupon surface per AASHTO T 279
(Standard Method of Test for Accelerated Polishing of Aggregates Using the British Wheel).
Finally, the samples are removed from the wheel, washed, and measured with the BPT for a final
BPN value. The average of five BPN measurements obtained on a sample after it has been
washed is the PV for the given sample.
2.2.1.2

Acid Insolubility Test
The acid insolubility test measures the percentage of non-carbonate material in carbonate

rock types. Testing for total acid-insoluble residue in carbonate aggregates involves weighing a
dry aggregate sample and then soaking the sample in a hydrochloric acid solution to dissolve the
carbonates in a chemical reaction. When the reaction is finished, the sample is washed, dried,
and weighed again. The amount of dissolved solids is determined as the mass loss, and the
percentage of insoluble residue is determined. This test is useful for identifying polishsusceptible aggregates with soft minerals like dolomite and limestone, which dissolve rapidly in
hydrochloric acid.

Field Test Methods
Once a pavement has been placed, one of two approaches is typically used to determine
the in-place friction at the surface. The first approach involves driving a vehicle and skidding a
wheel across the surface, similar to the LWST. The second approach consists of testing a small,
representative pavement area with a portable surface testing device like the BPT, DFT, or CTM.
The following subsections describe the four field test methods that were used in this research.
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2.2.2.1

Locked-Wheel Skid Trailer
The LWST simulates the braking of a vehicle without an anti-lock brake system. The

device consists of a towed trailer with two wheels, where one or both wheels can be locked on
command. The trailer wheels are spaced apart so that they travel in the wheel paths of the
roadway where the most polishing occurs (O’Brien and Haddock 2009). Skid testing is
performed annually on Utah roads to measure pavement friction. SNs are measured following
American Society for Testing and Materials (ASTM) E274 (Standard Test Method for Skid
Resistance of Paved Surfaces Using a Full-Scale Tire).
2.2.2.2

British Pendulum Tester
The BPT is commonly used to measure low-speed pavement friction. The BPT can be

used in the field or laboratory to measure pavement friction, and it is the most common method
used in the United States to measure the frictional resistance of a pavement aggregate (O’Brien
and Haddock 2009). The BPT measures the relative friction between the pavement surface and a
rubber slider and is reported as the coefficient of friction multiplied by 100. It works by releasing
a pendulum that swings under the force of gravity from a controlled height. A rubber slider is
attached to the end of the pendulum, which comes in contact with the pavement or specimen
surface upon release. When the pendulum is released and swings down, making contact with the
pavement or specimen surface, it pushes a pointer up along a calibrated numerical scale and
leaves it at the highest point reached by the pendulum. The less friction the rubber slider
encounters, the higher the pendulum swings on the scale, resulting in a lower value (O’Brien and
Haddock 2009). Loaded by a tension spring calibrated at 5.62 ± 0.11 lb, a rubber slider is
typically used for friction measurements on pavements as specified in ASTM E303 (Standard
Test Method for Measuring Surface Frictional Properties Using the British Pendulum Tester).
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Rubber sliders are available in two widths, 1.25 in. and 3 in. (measured perpendicular to the
strike path); 1.25-in. sliders are typically used for laboratory testing of aggregate coupons, and 3in. sliders are used for field testing of pavements.
Any debris on the pavement surface at the contact points is brushed away before wetting
of the pavement surface to ensure accurate readings. Next, the pendulum is leveled using a
bubble level and then adjusted to create a 5-in. strike path in the desired location, which is often
a wheel path for field testing. Finally, the pendulum is dropped, and a measurement is recorded.
Multiple measurements are obtained at the same location until four consecutive measurements
result in the same value, which is then reported as the BPN.
2.2.2.3

Dynamic Friction Tester
The DFT is a newer method than the BPT for measuring in-situ pavement friction. The

DFT is a portable instrument with three rubber sliders, similar to the slider on the BPT, mounted
to the bottom of a rotating disc. The disc is spun with tangential velocities that are equivalent to
highway speeds (0–65 mph) and then lowered onto the pavement surface. The DFT continuously
measures friction as it slows down gradually due to the friction between the sliders and the test
surface. Like the LWST test and BPT, water is sprayed onto the surface before testing with the
DFT. The coefficient of friction is calculated by dividing the continuously measured torque force
by the weight of the spinning disc. Testing is performed according to ASTM E1911 (Standard
Test Method for Measuring Paved Surface Frictional Properties Using the Dynamic Friction
Tester).
One advantage of the DFT is that it continuously measures friction at speeds from
approximately 0 to 65 mph, whereas the BPT can measure only at the speed at which gravity
pulls the pendulum arm down (around 8 mph). Perhaps for this reason, research has indicated
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that correlations between the LWST, which operates at 40 mph, and the DFT are stronger than
correlations between the LWST and the BPT (Smith 2016). Another advantage of the DFT is that
its footprint is the same size as the testing footprint of the CTM. Combining the DFT and CTM
values allows for calculation of an International Friction Index (IFI) number, a value used to
harmonize friction measurements obtained using various testing devices around the world.
2.2.2.4

Circular Texture Meter
The CTM is a device that can be used for measuring the texture of a pavement. The CTM

uses a laser to scan the pavement surface in a circular pattern and then calculates an MPD. The
CTM is a stationary test that measures the macrotexture of the pavement surface in
approximately 30 seconds. The footprint of the laser scan is the same size and shape as that of
the DFT. It is designed to measure the MPD of the same circular track along which the DFT
measures the dynamic friction coefficient. CTM tests are performed according to ASTM E2157
(Standard Test Method for Measuring Pavement Macrotexture Properties Using the Circular
Track Meter).

2.3

Safety Issues with Low-Friction Pavements
Empirical evidence suggests that vehicle crashes are highly correlated with the level of

pavement friction at the tire-pavement surface interface (Henry and Hegmon 1975, NHTSA
2013). According to the National Transportation Safety Board and the Federal Highway
Administration (FHWA), approximately 13.5 percent of fatal crashes and 25 percent of all
crashes occur when pavements are wet (Kuemmel et al. 2000).
The Utah Department of Public Safety maintains a web page with several dashboards to
help visualize crash information. The crashes are divided into more than 15 categories, including
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alcohol-related, animal-involved, distracted, and speed-related as examples. Although there are
no specific statistics for low-friction pavements available to the public, UDOT monitors and
records pavement friction levels and stores the data internally.
The results can be devastating and deadly when pavement friction demand exceeds
pavement friction supply, as shown in Figure 2.2. Because the risk associated with having lowfriction pavement is high, pavement managers must rely on and have confidence in data
collection, analysis, and interpretation (Flintsch et al. 2010). However, the variables that govern
friction are multivariate, seasonal, weather-dependent, and challenging to characterize (Burchet
and Rizenbuergs 1982).
Southern Utah has a high concentration of pavement surfaces with aggregates from
limestone quarries. In addition, network-level analysis has indicated a higher concentration of
low-friction pavement sections in southern Utah than in northern Utah. Research has shown that
dolomite and limestone aggregate with high carbonate contents are highly susceptible to
polishing (Nichols et al. 1956, Quinn 1975, Sherwood and Mahone 1970). For example,

Figure 2.2 Crash on low-friction pavement (FHWA 2017).
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researchers in Virginia found in the 1950s that roads constructed with limestone aggregates were
two times more likely to have crashes than were pavements consisting of other aggregates
(Nichols et al. 1956). Therefore, some departments of transportation (DOTs) use laboratory tests
to identify and prequalify aggregates to prevent crashes and ensure that hard, polish-resistant
aggregates are used on pavement surfaces.

2.4

Techniques for Mitigating Low Friction
One of the best proactive measures to increase skid resistance and mitigate the risks of

low friction is incorporating skid-resistant aggregates into pavement mixtures (Fu 2001). In
states where locally available aggregates are not sufficiently skid-resistant, blending them with
skid-resistant aggregates is common. However, where this practice is not followed, reactively
identifying low-friction pavements can be accomplished through visual observations, crash
reports, and network-level testing using various skid trailers like the LWST. In addition to
blending, there are two common approaches to address low-friction pavements. One option is to
remove and replace a low-friction pavement surface, and another option is to enhance the surface
(Taylor and Khosla 1983).
Removing and replacing low-friction pavement surfaces can be accomplished through
various techniques that remove the surface and replace it with a new high-friction surface course.
For example, seal coating and microsurfacing are two surface treatments commonly used to
restore polished or worn pavements (Henry 2000). In addition, enhancing low-friction pavements
can be accomplished through various techniques like shot blasting, which removes the polished
surface aggregates and roughens the remaining aggregates, increasing the macro-texture and
micro-texture of the surface.
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Enhancing a low-friction pavement surface may also potentially be performed using a
lithium silicate treatment, for example, to harden the aggregates against polishing. DOTs
commonly specify hard, polish-resistant mineral aggregates to minimize wear and prolong
pavement service life (Hall et al. 2009). Aggregates consisting of granite are considered hard
minerals; however, agencies in some locations do not have access to these aggregate types. For
example, in southern Utah, soft minerals like carbonate-rich dolomite and limestone are
prevalent. Therefore, in the absence of high-friction aggregates, the use of lithium silicate to
potentially improve the resistance of aggregates to polishing has been of interest. While lithium
silicates do not react well with hard mineral aggregates, lithium silicate solutions have the
potential to react with carbonate-rich aggregates, like limestone, and create a hardened shell that
may extend the service life of aggregates under trafficking.

2.5

Chapter Summary
The objective of the research presented in this chapter was to investigate pavement

friction factors that influence skid resistance; methods of measuring skid resistance in the
laboratory and the field, including correlations between test results; methods of evaluating
aggregate sources; and methods of enhancing skid resistance of asphalt pavements through a
comprehensive literature review on these subjects. Pavement friction, laboratory and field test
methods, pavement safety-related issues, and techniques for enhancing low-friction pavements
were discussed. Through the literature review process, five key findings were identified as
deficiencies. The first deficiency identified is that UDOT lacks long-term trend analysis for the
many years of LWST data collected in Utah. Second, UDOT is missing a statistically adequate
correlation equation between friction-testing devices. Third, only one method is used in Utah to
prequalify aggregates for use in pavements. Fourth, there has not been an investigation of the
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potential use of lithium silicate solution in Utah as a hardening agent to decrease the rate of
friction loss. Fifth and finally, there is a general lack of friction research and testing in Utah.
These five deficiencies are addressed in the objectives presented in this research.
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3

3.1

TEMPORAL TRENDS IN SKID RESISTANCE

Introduction
Given that UDOT lacks long-term trend analysis for the many years of LWST data

collected in Utah, the objective of the research presented in this chapter is to investigate temporal
trends in SNs measured using the LWST on Utah highways with seven specific surface treatment
types. The pavement types include bonded wearing course (BWC), chip seal, HMA,
microsurfacing, open-graded surface course (OGSC), slurry seal, and stone matrix asphalt
(SMA). This chapter examines several factors that may influence skid resistance measurements,
including pavement age, temperature and moisture effects, climate type, aggregate type, location,
roadway trafficking, pavement surface type, and season.
Adequate pavement friction is necessary to keep vehicles on roadways during turning,
accelerating, and braking. Empirical evidence suggests that vehicle crashes are highly correlated
with the level of pavement friction at the tire-pavement surface interface (Henry and Hegmon
1975, NHTSA 2013). As reported in Chapter 2, according to the National Transportation Safety
Board and the FHWA, approximately 13.5 percent of fatal crashes and 25 percent of all crashes
occur when pavements are wet (Kuemmel et al. 2000). Therefore, transportation agencies have
an essential responsibility to ensure that pavement surfaces have adequate friction even when
they are wet and that surfaces with low friction, or low SNs, are proactively identified and
improved within their jurisdictions.
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For over 75 years, numerous agencies have extensively studied pavement friction (Hall et
al. 2009, Henry 2000, Rice 1977). As aggregates are exposed to trafficking, these agencies have
found that tire wear causes the natural micro-texture of the particles to wear down under the
polishing effect of wheel passes. By documenting the changes in friction under trafficking and
various environmental conditions, many agencies have developed pavement friction deterioration
curves based on traffic, aggregate type, and season (Anderson et al. 1986, Oliver et al. 1988,
Song et al. 2010, Steven et al. 2009). Specific to this research, UDOT is one of those agencies
with a pavement friction management program. In UDOT’s program, adequate friction means
having an SN value greater than 35, as shown in Table 3.1 (Allen and Peterson 2019). UDOT
designates any roadway location with SN values less than 35 as needing intervention.
Since 1996, selected state roads on the UDOT network have been tested at least once
every 3 years at 1-mile intervals using an LWST, shown in Figure 3.1. Although UDOT has
previously used the data to examine selected correlations between field and laboratory test
results, UDOT engineers have yet to perform a network-level evaluation of SNs to develop
deterioration curves (Giannonatti 1996).
Under trafficking, softer aggregates polish more readily over time than harder aggregates
as the pavement surface is abraded by vehicular tires, especially those equipped with studs or

Table 3.1 Skid Number Thresholds (Allen and Peterson 2019)
Skid Condition

SN

Good

> 45

Fair

35–45

Poor

< 35
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Figure 3.1 LWST operated by UDOT.

chains (Henry 2000). In addition, during summer months, prolonged periods of dry weather can
allow the fine particles that are polished off the aggregates to accumulate on the pavement
surface, resulting in loss of surface texture (Fu et al. 1998, Fu 2001, Jayawickrama and Thomas
1998, Oliver et al. 1988). Together with the accumulation of contaminants from vehicles, such as
oil drippings, this accumulation of fine particles leads to a lower skid resistance during late
summer and fall. In late winter and spring, meltwater and rainfall then flush out the fine grit and
contaminants, enhancing the texture and drainage of the pavement surface and improving friction
(Anderson et al. 1986, Dickenson 1989, Jayawickrama and Thomas 1998, Wambold et al. 1989).
Thus, several factors, acting separately and in combination with each other, can affect pavement
friction.
This chapter investigates temporal trends in SN measured using the LWST on Utah
highways with different surface treatment types. In addition to age, other factors that may
influence SN measurements are also examined. While studies with similar objectives have been
performed for roadway segments in other geographic locations, the literature review conducted
for this research did not identify information on this topic for roadway segments in the
Intermountain West; therefore, this work complements the current literature by contributing data
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relevant to climates characterized by cold, dry conditions with seasonal freezing and thawing
typical of Utah. Furthermore, because many counties and cities in Utah specify the same
pavement surfaces as those used on state highways, these research results can be readily applied
to those jurisdictions, as well. The following sections of this chapter present background
information, describe the procedures used to address objective 2 of this research, explain the
results, and provide conclusions based on the findings.

3.2

Background
The new data collected in this research, along with historical data, are anticipated to be

valuable for identifying trends in friction deterioration rates regarding pavement age, temperature
and moisture effects, climate type, aggregate type, location, roadway trafficking, pavement
surface type, and season. Research indicates that significant factors contributing to a decrease in
SNs may include aggregate hardness, pavement age, pavement temperature, and traffic level
(Giannonatti 1996, Henry 2000, Rice 1977). In addition, during the summer months, elevated
temperatures can soften the asphalt binder, allowing increased rotations of aggregates under
trafficking that reduce friction (Dickenson 1989, Harwood et al. 1987, Oliver et al. 1988,
Wambold et al. 1989).

3.3

Procedures
The data analyzed in this research were compiled using databases provided by UDOT.

One database included SN and the date and location of LWST testing for each roadway segment
assessed between 2005 and 2013, which is the range of years over which data were electronically
available for this research. Another database included administrative region, pavement surface
type, pavement surface construction date, AADT and truck traffic data, and roadway segment
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definitions in terms of beginning and ending mileposts as of 2013; the SN data were collected at
1-mile increments along approximately 1,400 defined roadway segments ranging from 1 mile
long to over 50 miles long.
Based on conversations with the UDOT LWST operator (personal communication, T.
Laulu, June 16, 2015), the LWST was calibrated on a biannual basis during the period of data
acquisition analyzed in this research, and daily tire pressure monitoring and load plate calibration
were consistently practiced. All LWST testing was performed on straight roadway sections or
horizontal curves with design speeds greater than 40 mph; no testing was performed at
intersections or horizontal curves with speeds less than 40 mph. A spray nozzle supplied water to
the pavement surface approximately 1 ft in front of the test wheel. Water was supplied at four
gallons per minute to create a water film thickness of about 0.5 mm (Henry 2000). Each LWST
test was performed using a ribbed tire at a speed near 40 mph, and the results were normalized to
a speed of exactly 40 mph following the protocol outlined in ASTM E274. In total, the dataset
received from UDOT contained approximately 37,500 individual LWST test results.
UDOT has a standard practice of collecting network-level SN data using the LWST
beginning in April and continuing through October or, weather permitting, November. The data
are collected at 1-mile intervals independent of the roadway segment length. UDOT’s data
collection goal is to collect as much data during the year as possible while recognizing that the
degree of data collection in some years will be less than that in others due to maintenance issues
and other variables.
Because the roadway segment lengths vary, there is no standard number of LWST tests
performed per segment. With the roadway lengths ranging from 1 to 50 miles, approximately 25
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LWST tests were performed per roadway segment per year, with the number of tests for each
segment changing slightly from year to year. These normalized SNs were then averaged over the
length of each roadway segment for analysis; examining entire segments in this manner is
consistent with current UDOT pavement management practices. In addition, the age of the
pavement for each SN measurement was calculated as the difference between the year the data
were obtained and the year the pavement surface was applied, with the difference being rounded
to the nearest year. Then, the cumulative AADT was estimated by multiplying the AADT by the
surface age. Due to the lack of traffic data for other years, a simplifying assumption was made
that traffic levels remained constant over the period of interest (2005–2013). Also, due to a lack
of information about the number of lanes and the lane distribution factor applicable to each test
location, the AADT values for all lanes were used rather than values specific to each tested lane.
After the data had been reduced, statistical analyses were performed using commercial
software. Specifically, analysis of variance (ANOVA) was used to investigate the effects of
pavement age, the month of testing (a surrogate for temperature and moisture effects),
administrative region (a surrogate for climate type and, to an extent, aggregate type), AADT,
cumulative AADT, and truck traffic on SN; logarithmic transformations were applied to each of
the three measures of trafficking due to the wide ranges of recorded values. All asphalt pavement
surfaces were evaluated together as well as separately. Eight combinations including seven
surface types were analyzed, including BWC, chip seal, HMA, microsurfacing, OGSC, slurry
seal, and SMA. For each ANOVA, a complete model was initially developed, including all
possible factors. Then, factors with a p-value greater than 0.15 were sequentially removed
because they were not considered to be valid explanatory variables in this research. Therefore,
the resulting reduced model included only those factors having p-values less than or equal to
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0.15. Factors with p-values less than or equal to 0.05 were considered to be statistically
significant, following standard practice. Least-squares means were then computed and plotted for
each of the statistically significant factors in the reduced models, and coefficients of
determination, or R-squared (R2) values, were calculated, where applicable. The least-squares
means value is not just an overall average but is the average based on a linear model. Using the
least-squares means in these analyses enabled the missing or lesser amounts of data to be
normalized with segments containing greater amounts of data.

3.4

Results
The average values for characteristics of each surface type analyzed are summarized in

Table 3.2. The statistical analysis results are summarized in Table 3.3, in which a hyphen
indicates that the particular p-value exceeded 0.15. Based on the calculated p-values, the most
frequently selected factors for the reduced models were the month of testing and the
administrative region. These factors were statistically significant in all seven of the models in

Table 3.2 Pavement Segment Properties by Surface Type
Surface Type

No. of
Segments

Average
Age (years)

Average
AADT

Average
Truck
Traffic

Average
Skid
Number

All Asphalt
BWC
Chip Seal
HMA
Microsurfacing
OGSC
Slurry Seal
SMA

2668
106
1,445
69
277
451
53
267

3
2
3
3
2
4
6
2

10,500
34,500
2,600
13,000
14,170
26,940
900
13,760

1,100
2,750
420
910
1,825
2,119
63
1,930

54
53
56
54
53
52
53
47
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Table 3.3 ANOVA Results
Surface
Type

Age

Month

Region

BWC
Chip Seal
0.029
HMA
Microsurface
OGSC
0.003
Slurry Seal 0.105
SMA
-

<0.000
<0.000
<0.000
0.001
0.035
<0.000

0.003
<0.000
<0.000
0.029
0.031
<0.000

Factor
ln(AADT)
ln(Cum. AADT)
p-value
<0.000
<0.000
0.014
0.037
0.001

ln(Trucks)
<0.000
0.004
0.001
-

which they were included. Pavement age, AADT, cumulative AADT, and truck traffic were less
frequently selected. The following sections present the least-squares means computed for each
statistically significant factor in the models and discuss the results.

All Asphalt Surface Types
The least-squares means computed for all asphalt surface types are given in Figure 3.2,
which shows results for surface type, pavement age, month, region, AADT, and truck traffic in
multiple charts and graphs; these were statistically significant factors included in the reduced
model. Although the SNs of the varying pavement surface types ranged widely, with the slurry
seal performing the best with an average SN of 60 and SMA performing the worst with an
average value of around 47 as shown in Figure 3.2(a), the average SN for the 37,500 SNs
included in this study is 54, which is substantially higher than the intervention level of 35 set by
UDOT for pavement friction along highways in Utah; only about 3.0 percent of the roadway
segments analyzed had SNs lower than 35. Therefore, all pavement type averages were
acceptable according to the UDOT standards presented in Table 3.1. Only about 3.0 percent of
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.2 Least-squares means for all asphalt surfaces for (a) surface type, (b) age, (c)
month, (d) region, (e) AADT, and (f) truck traffic.

the individual roadway segments analyzed had SNs lower than 35. Figure 3.2(b) shows how the
age of the pavement relates to the SN. Overall, there is only about a 5-point decrease in SN over
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a 20-year pavement life. If a more significant reduction in SN had occurred, deterioration curves
could have been created. However, it is not practical to determine a deterioration rate from a
relatively flat deterioration curve.
Figure 3.2(c) shows how month influences the SN value; this relationship has an R2 value
of 0.81, which is relatively high for field data. The month in which the friction values were
collected, as a variable, may be considered as a surrogate for temperature and may also account
for the grit and other contaminants that build up over the summer months and are then washed
away during winter and spring precipitation events. As mentioned previously in Chapter 2, it has
been reported in the literature that SNs decrease during the summer months due to higher
pavement temperatures and reduced micro-texture and macro-texture. Further testing is
recommended to identify the specific phenomena influencing this trend.
Region 3 had an average SN of approximately 50, as shown in Figure 3.2(d), but the
other regions had average values of up to 55. Therefore, UDOT may want to investigate the
significant difference between the average SNs for Region 3 and the other regions.
Figures 3.2(e) and 3.2(f) show how increasing traffic decreases pavement friction.
However, the R2 values for the factors of AADT and truck traffic, as shown in these figures, are
very low and are not likely to adequately explain the friction performance or deterioration of
asphalt surfaces in this study.

Bonded Wearing Course
The least-squares means for BWC, including month and region, are given in Figures
3.3(a) and 3.3(b). The R2 value for this model is 0.68, which is the highest correlation for month
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(a)

(b)

Figure 3.3 Least-squares means for BWC surfaces for (a) month and (b) region.

among all seven pavement types. BWC has an average SN of 53 and loses about 10 points of SN,
on average, due to seasonal effects, as shown in Figure 3.3(a).
In addition, the average SN for Region 4 is approximately 10 points lower than the
averages for Regions 1 and 3, as shown in Figure 3.3(b). However, only four of the 106 total
BWC pavement sections were located in Region 4. Therefore, the low SN measured in
November may be skewed by the testing of only one pavement section during this month. In
addition, the materials engineer for Region 2 mentioned that he had no SN values for BWC
because each region independently chooses surface treatments, and he prefers to use chip seals
(personal communication, M. Miles, June 2015).

Chip Seal
The least-squares means for chip seal, including age, month, region, AADT, and truck
count, are given in Figures 3.4(a), 3.4(b), 3.4(c), 3.4(d), and 3.4(e), respectively. Figure 3.4(a)
shows how the age of the pavement relates to the SN; overall, there is only about a 7-point
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(a)

(b)

(c)

(d)

(e)
Figure 3.4 Least-squares means for chip seal surfaces for (a) age, (b) month, (c) region, (d)
AADT, and (e) truck traffic.

decrease in SN over a 20-year pavement life for chip seal surfaces. Chip seal has the secondhighest average SN of 56 and loses about 7 points, on average, due to seasonal effects, as shown
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in Figure 3.4(b). Figure 3.4(c) shows that the average SNs for Regions 2 and 4 are 57 and 56,
respectively, while Regions 1 and 3 have averages of 54 and 50, respectively. It may be
beneficial to further investigate why Regions 2 and 4 have higher averages than the other two
regions.
Figures 3.4(d) and 3.4(e) show how increasing trafficking decreases pavement friction.
As traffic increased on chip seal surfaces, there was a drop in SN of 12 to 15 points between the
low- and high-trafficked roads. These data imply that chip seal is more sensitive to trafficking
than the other surface types. However, as shown in these figures, the R2 values for AADT and
truck traffic factors are very low and are not likely to adequately explain the friction performance
or deterioration of chip seal surfaces in this study.

Hot Mix Asphalt
The average SN for HMA surfaces is 54, as shown in Figure 3.2(a), but the HMA data
are minimal; the only statistically significant factor is truck traffic. However, the HMA is very
sensitive to this factor and loses approximately 15 points between the low- and high-trafficked
areas, as shown in Figure 3.5. No other pavement type loses as much friction due to truck traffic
as HMA. This would be a good research topic to explore further.
Almost 90 percent of the HMA pavement sections were located in Region 2. The lowest
SN value of approximately 31, shown in Figure 3.5, was measured on a 4-year-old pavement
section that had an SN of 52 just 3 years earlier. Such discrepancies highlight the variability that
can occur with pavement friction testing when year-over-year testing cannot replicate previous
seasonal conditions (Anderson et al. 1986).
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Figure 3.5 Least-squares means for HMA surfaces for truck traffic.

Microsurfacing
The least-squares means for microsurfacing, including month, region, AADT, and
cumulative AADT, are given in Figures 3.6(a), 3.6(b), 3.6(c), and 3.6(d), respectively. Pavement
sections with microsurfacing have an average SN of 53. Figure 3.6(a) shows an average loss of
about 7 points of SN due to environmental effects. Regarding the comparatively low SN
measurement reported in Figure 3.6(a) for October, a review of the data indicated that all of the
SNs collected on microsurfacing surfaces in October were in Region 4, where lower SNs were
measured, on average, as shown in Figure 3.6(b).
As traffic increased on microsurfacing, there was a drop in SN of approximately 5 points
between the low- and high-trafficked roads. Thus, the data imply that microsurfacing is less
sensitive to trafficking than the other surface types and would be a good candidate on high-

32

(a)

(b)

(c)

(d)

Figure 3.6 Least-squares means for microsurfacing surfaces for (a) month, (b) region, (c)
AADT, and (d) cumulative AADT.

trafficked roads. The data for the factors of AADT and cumulative AADT are shown in Figures
3.6(c) and 3.6(d), respectively.

Open-Graded Surface Course
The least-squares means for OGSC, including age, month, region, and cumulative
AADT, are given in Figures 3.7(a), 3.7(b), 3.7(c), and 3.7(d), respectively. As shown in Figure
3.7(a), the data suggest that the SN for pavement sections with OGSC increases the longer the
surface is in place, up to at least 12 years. As mentioned previously in Chapter 2, it has been
reported in the literature that SNs decrease during the summer months due to higher pavement
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(a)

(b)

(c)

(d)

Figure 3.7 Least-squares means data for OGSC surfaces for (a) age, (b) month, (c) region,
and (d) cumulative AADT.

temperatures and reduced micro-texture. Therefore, this increase in friction is not realistic. It
appears to result from a lurking variable that masks the actual SN. The SNs measured on OGSC
are most likely influenced by explanatory variables not measured in this study. One explanation
could be that, as the road ages and snowplows pass over it, the larger-sized aggregates at the
pavement surface are removed from the asphalt binder, increasing the roughness and macrotexture and leading to an increase in SN.
The average SN for OGSC surfaces is 53. Figure 3.7(b) indicates that OGSC loses about
6 points of SN, on average, due to seasonal effects. Compared to other surface types, SNs for
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OGSC surfaces are relatively similar among the regions; Figure 3.7(c) shows that there is only a
4-point range in average SNs among the four regions. Figure 3.7(d) shows that, as traffic
increases (cumulative AADT) on OGSC surfaces, there is an increase in the SN of
approximately 5 points between the low- and high-trafficked roads. These data imply that OGSC
improves with trafficking, which again could be explained by a lurking variable.

Slurry Seal
The least-squares means for slurry seal, including age, month, and region, are given in
Figures 3.8(a), 3.8(b), and 3.8(c), respectively. Overall, slurry seal has the highest average SN of

(a)

(b)

(c)
Figure 3.8 Least-squares means for slurry seal surfaces for (a) age, (b) month, and (c)
region.
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60. Figure 3.8(a) shows that, as the slurry seal increases in age, the SN also increases. Figure
3.8(b) shows that the slurry seal also gains about 12 points of SN, on average, due to seasonal
effects. As previously mentioned and similar to OGSC, this increase in friction over time in
Figures 3.8(a) and 3.8(b) is not realistic and appears to result from a lurking variable that masks
the actual friction value.
Figure 3.8(c) shows a 10-point difference in SNs between Regions 2 and 4. According to
the Region 4 materials engineer (personal communication, M. Miles, June 2015), possible
explanations for this difference could be the different placement and construction practices used
by the two regions for slurry seals. Figure 3.8(a) indicates two points at years 1 and 12 that are
low outliers and, if eliminated, would suggest that the slurry seal remains approximately constant
with time. Although only two regions use slurry seals, they provide relatively good friction
values over time and seasons.

Stone Matrix Asphalt
The least-squares means for SMA, including month, region, and cumulative AADT, are
given in Figures 3.9(a), 3.9(b), and 3.9(c), respectively. Overall, SMA has the lowest average SN
of 47, which is 13 points (22 percent) lower than the highest average SN of 60, which was
measured for slurry seal as shown previously in Figure 3.2(a). Figure 3.9(a) shows that SMA
loses about 10 points of SN, on average, due to seasonal effects. Because the climate in Region
4, which has the most SMA surfaces, is relatively hotter than the climate in the other regions,
seasonal effects have a greater potential to influence the SNs toward lower values.
Figure 3.9 (b) shows the variation in SN for SMA surfaces by region. Approximately 89
percent of the pavement segments with SMA surfaces in Utah were located in Regions 3 and 4.
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(a)

(b)

(c)
Figure 3.9 Least squares means data for SMA surfaces for (a) month, (b) region, and (c)
cumulative AADT.

However, these two regions have average SNs that are much lower than the other two regions.
On average, the SN values of Regions 3 and 4 are about 17 percent lower than the average SN
values of Regions 1 and 2. Therefore, it could be beneficial for transportation officials to
investigate why the SN averages in Regions 3 and 4 are low compared to those in the other
regions. Results for the region model shown in Figure 3.9(b), with large SN differences between
northern and southern Utah, were unexpected.
The data for the factor of cumulative AADT are shown in Figure 3.9(c). The SN of SMA
pavement surfaces appears to increase more than the SN of any other pavement surface as traffic
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increases. It is unusual to see SN values increase due to increased trafficking; on average, SN
values typically decrease with increasing traffic. This same behavior was also slightly noticeable
on OGSC pavement surfaces, as shown in Figure 3.7(d). This behavior, which has also been
observed anecdotally by UDOT materials engineers, may be related to the coating of asphalt
binder on the larger surface aggregates in an SMA. This coating can create a slippery surface and
therefore cause lower SNs immediately after SMA is placed. As the binder coating is worn off
under trafficking and the micro-texture of the natural SMA aggregates is gradually exposed, the
SN increases until all the binder is worn off, at which point the SN begins to decrease as
polishing and deterioration of the exposed aggregates occur, similar to other surface types. This
initial increase and then decrease in SN could explain inconsistencies and outliers in the data.
This phenomenon could also explain why the SN could be lower during the first year, higher
during the second year, and lower during the third year. The literature has documented that fully
exposing the micro-texture of the SMA aggregates can require a period of time ranging from 9
months to 2 years (Wei et al. 2022).

3.5

Chapter Summary
Given that UDOT lacks long-term trend analysis for the many years of LWST data

collected in Utah, the objective of the research presented in this chapter was to investigate
temporal trends in SNs measured using the LWST on Utah highways with seven specific surface
treatment types. ANOVA was used to investigate the effects of pavement age, the month of
testing (a surrogate for temperature and moisture effects), administrative region (a surrogate for
climate type and, to an extent, aggregate type), AADT, cumulative AADT, and truck traffic on
SN.
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Although the SNs of the varying pavement surface types ranged widely, with the slurry
seal performing the best with an average SN of 60 and SMA performing the worst with an
average SN of around 47, the average SN for the approximately 37,500 SNs included in this
study is 54, which is substantially higher than the intervention level of 35 set by UDOT for
pavement friction along highways in Utah; therefore, all pavement type averages were
acceptable according to the UDOT standards.
The least-squares means for BWC, including month and region, had an R2 value of 0.68,
which is the highest correlation for month among all seven pavement types. BWC has an average
SN of 53 and loses about 10 points of SN due to seasonal effects. The average SN for Region 4
is approximately 10 points lower than the average SNs for Regions 1 and 3.
For chip seal surfaces, there is only about a 7-point decrease in SN over a 20-year
pavement life. In addition, chip seal has the second-highest average SN of 56 and loses about 7
points due to seasonal effects. As traffic increased on chip seal surfaces, there was a drop in SN
of 12 to 15 points between the low- and high-trafficked roads.
The average SN for HMA surfaces is 54, but the HMA data are minimal; the only
statistically significant factor is truck traffic. However, the HMA is very sensitive to this factor
and loses approximately 15 points between the low- and high-trafficked areas. No other
pavement type loses as much friction due to truck traffic as HMA.
Pavement sections with microsurfacing have an average SN of 53, with an average loss
of about 7 points of SN due to environmental effects. As traffic increased on microsurfacing,
there was a drop in SN of approximately 5 points between the low- and high-trafficked roads.
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Thus, the data imply that microsurfacing is less sensitive to trafficking than the other surface
types and would be a good candidate on high-trafficked roads
The average SN for OGSC surfaces is 53, and the data indicate that OGSC loses about 6
points of SN, on average, due to seasonal effects. The data suggest that the SN for pavement
sections with OGSC increases the longer the surface is in place, up to at least 12 years. As
mentioned previously in Chapter 2, it has been reported in the literature that SNs decrease during
the summer months due to higher pavement temperatures and reduced micro-texture. Therefore,
this increase in friction is not realistic. It appears to result from a lurking variable that masks the
actual SN.
Slurry seal has the highest average SN of 60. As the slurry seal increases in age, the SN
also increases. The slurry seal also gains about 12 points of SN value due to seasonal effects. As
previously mentioned and similar to OGSC, this increase in friction over time is not realistic and
appears to result from a lurking variable that masks the actual friction value. Although only two
regions use slurry seals, they provide relatively good friction values over time and seasons.
SMA has the lowest average SN of 47, which is 13 points lower than the highest average
SN. On average, the SN values for SMA in Regions 3 and 4 are about 17 percent lower than the
average SN values for SMA in Regions 1 and 2. The SN of SMA pavement surfaces appears to
increase more than the SN of any other pavement surface as traffic increases. It is unusual to see
SN values increase due to increased trafficking; on average, SN values typically decrease with
increasing traffic. This same behavior was also slightly noticeable on OGSC pavement surfaces.
This behavior, which has also been observed anecdotally by UDOT materials engineers, may be
related to the coating of asphalt binder on the larger surface aggregates in an SMA.
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4

CORRELATIONS AMONG FIELD AND LABORATORY SKID RESISTANCE
MEASUREMENTS

4.1

Introduction
Given that UDOT is missing a statistically adequate correlation equation between

friction-testing devices, the primary objective of the research presented in this chapter is to
develop a three-way correlation between the SN measured with the LWST in the field, the BPN
measured with the BPT in the field, and the PV measured with the BPT in the laboratory. In
addition, as a secondary objective, the results of several other tests or measurements were also
investigated for correlations, including PV, AADT, pavement temperature, SN measured using
the DFT, MPD measured using the CTM, and MTD measured using the SPT. Twelve pavement
sections that were scheduled for resurfacing, each older than 8 years, were selected for testing in
Salt Lake, Sevier, and Emery Counties. The surfaces of these pavement sections were OGSC,
HMA, and SMA.
The current UDOT specification requirement for the PV of surfacing aggregates is not
supported with a statistically significant correlation. This correlation is needed to prequalify
surfacing aggregates with respect to anticipated frictional performance and allow optimal
utilization of aggregate sources. Adequate prequalification of surfacing aggregates and
correlation with the pavement frictional performance allows for suitable matching of the friction
supply to the friction demand.
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Many field and laboratory testing devices are commonly used to measure and predict
roadway surface friction. Examples of field tests include the LWST, BPT, DFT, and CTM. In
comparison, examples of laboratory tests include the accelerated polish test, BPT, and micro
deval test, with many of the standards, theories, and testing methods originating in Europe (Hall
et al. 2009, Henry 2000, Wambold et al. 1995). The main purposes of these friction-testing
devices are identifying the quality of the road surface texture and quantifying the friction value at
the tire-pavement surface interface.
Achieving the research objectives required consideration of the high variability inherent
in these friction-testing devices. As others have reported, previous research focused on
identifying the controllable factors that contribute to the repeatability of the PV test results and
improving the PV test procedure (Fu and Chen 1998, Moon and Chen 1996). The current
research focuses on reducing variability in laboratory and field friction measurements by
following these recommendations and the revised AASHTO procedures.
Although laboratory and field correlations have been established, the correlation on
which this research focused has never been comprehensively quantified using revised laboratory
and field testing techniques on aggregates in Utah. Research conducted previously led to
developing a revised process to reduce variability in laboratory testing of polish wheel coupons
(O’Brien and Haddock 2009); the process includes using control coupons and randomly selecting
and placing aggregates into molds to reduce bias. A part of the current research objective is
producing field and laboratory correlations for friction by adding a testing program to
supplement and extend the earlier work. Recommendations are made for the use of this
information as guidelines to help reduce variability during friction testing. Appropriate use of
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this information by pavement managers can, in time, have a significant impact on reducing
crashes affected by low friction.

4.2

Background
UDOT has collected SN values at the network level on state routes for many years. In

addition, UDOT requires laboratory testing on HMA, OGSC, chip seal, and microsurfacing
pavements to determine the PV. Current UDOT specifications indicate that a PV equal to or
greater than 31 is required for aggregates proposed for use on UDOT roads. However, a
correlation to determine how well the laboratory-tested PV correlates to the SN after years of
service has not been previously developed. One factor that may contribute to variability in SN
measurements, as determined by ASTM E274, appears to be pavement temperature, or season of
the year (Dickenson 1989). As of the time of this research, UDOT only corrects and normalizes
the data for speed; pavement surface temperature is not measured during testing.
The concept of a three-way relationship between SN and BPN, BPN and PV, and PV and
SN tests is presented in Figure 4.1. Development of the correlation requires testing aggregate
coupons with a BPT in the laboratory and then, with the same BPT in the field, testing pavement
sections consisting of aggregates of the same mineral composition. The BPT can measure the PV
on a curved coupon and the BPN on a flat surface for both laboratory and field applications,
respectively. The BPN is the link for establishing an indirect relationship between PV and SN
(Henry and Hegmon 1975). The field locations are then evaluated using an LWST in the same
locations at which the BPT was used.
Field data collected at the 12 sites were used to develop the three correlations for the
primary objective. The data used to develop the first correlation were collected from existing
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Figure 4.1 Relationships between SN, BPN, and PV.

projects in the UDOT database started by Raba Kistner and continued through this research. The
data used to develop the second correlation included recent laboratory test results for selected
aggregate sources explicitly performed for this project by Raba Kistner. The data used to develop
the third correlation included the LWST data acquired during the three site visits in 2014 and
2015 and the laboratory polish tests performed by Raba Kistner. In this approach, the third
correlation inherits variability in the historical pavement and project information and lacks
specific material properties for the aggregate used in pavement construction. Figure 4.1 visually
represents the following three correlations of the secondary objective:
1. Direct correlation between SN and BPN measurements collected in the field
2. Direct correlation between BPN and PV measurements collected in the laboratory
3. Indirect correlation between laboratory PV and SN
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A previous research team developed improved field and laboratory test procedures to
reduce field and laboratory data variability (Fu and Chien 1998). The selection of aggregate
sources and projects for testing and evaluation is based on the consistency of test data from
historical materials and service conditions of the existing pavements. The previous research team
also established field and laboratory procedures to examine the effect of temperature on BPN and
polishing effectiveness using current ASTM D3319 (Standard Practice for the Accelerated
Polishing of Aggregates Using the British Wheel) and AASHTO T 279 procedures, respectively.

4.3

Procedures
The procedures followed for this research involved materials preparation, test site

selection, field and laboratory testing, and data collection as described in the following
subsections.

Materials Preparation
The materials used for this research include epoxy, sand, and aggregate. Epoxy was used
to glue the aggregates into a hardened mold to be placed on the accelerated polish wheel. In the
past, warping of the coupons due to epoxy shrinkage caused by differential curing of the
hardening agent was observed. Therefore, to reduce warping caused by epoxy formulations with
an excessive amount of hardening agent, the polyester resin used in this study was formulated
according to the guidelines in ASTM D3319.
Control coupons and high and low calibration coupons were constructed using 20–30
Ottawa sand. The 20–30 Ottawa sand is predominantly a material passing the No. 20 sieve and
retained on a No. 30 sieve. Ottawa sand was also used to determine the MTD using the SPT.
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Samples of the aggregates used at each pavement site were sampled and tested. The
samples corresponded to three pavement surface types, including HMA, SMA, and OGSC.

Test Site Selection
Twelve existing pavement sections consisting of OGSC, chip seal, and SMA surfaces
were selected in UDOT Regions 2 and 4 as being representative of conditions typical of the end
of service life, based on vehicle passes per lane, and were scheduled for resurfacing in 2015.
These test sites selected for analysis were chosen primarily based on age and AADT; to best
match the field and laboratory testing, it was decided that pavement surfaces near the end of their
service life should be tested because they would exhibit a level of polishing expected to be more
comparable to that achieved using the laboratory accelerated polishing test, which represents a
terminal condition.
Five sites were selected in Region 2, and seven sites were selected in Region 4. The sites
in Region 2 consisted of OGSC, which was predominately coarse aggregate. The OGSC material
type ensures that the field tests measured the coarse aggregate properties and not the properties
of the fine sand or binder. For the sites in Region 4, all but one consisted of SMA, with the last
one consisting of a chip seal. The sites were selected on state routes that had a history of LWST
testing values over the previous 10 years, and information was also available about the mixture
designs, which indicated the percent of coarse aggregates and the quarry from which the
aggregates were obtained. Table 4.1 summarizes selected information about each site, including
city, UDOT region, contractor, pit name, route, milepost, direction, surface type, placement year,
AADT, and pavement temperature measured at the time of LWST testing. The following
subsections provide more details.
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Table 4.1 Descriptions of Field Test Sites and Testing Conditions
Utah
Site City
1
Tooele
2
Magna
3
West Valley
4
Riverton
5
Draper
6
Scipio
7
Sulphurdale
8
Richfield
9
Salina
10 Redmond
11 Fremont Junct.
12 Green River

UDOT
Region
2
2
2
2
2
4
4
4
4
4
4
4

Contractor/Pit Name
Staker/Beck
Staker/Beck
Granite/Walker
GRW/Geneva POM
Geneva/Geneva POM
Staker/Scipio
Frehner/Pineview
Frehner/Gooseberry
Staker/Centerfield
Staker/Centerfield
Nielson/Ferron
Frehner/Hastings

Route
SR-36
SR-111
SR-171
SR-71
SR-89
I-15
I-15
I-70
SR-89
SR-89
I-70
I-70

Mile
Post
57.8
8.8
2.5
0.5
364.5
189.8
129.5
62.5
225.3
234.5
87.5
153.5
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Surface
Direction Type
SB
OGSC
SB
OGSC
WB
OGSC
WB
OGSC
NB
OGSC
SB
SMA
SB
SMA
EB
Chip Seal
NB
SMA
NB
SMA
EB
SMA
EB
SMA

Placement
Year
2005
2006
2006
2004
2005
2007
2005
2014
2009
2011
2011
2008

2012
AADT
19,000
17,000
15,000
21,000
26,000
9,200
17,000
7,600
4,400
490
4,500
39,000

Pavement
Temp. (°F)
73
86
118
106
78
99
129
119
123
88
98
87

4.3.2.1

Region 2 Sites
Five sites in Region 2 were selected for this research and are numbered from 1 to 5.
Site 1 is located in Tooele, Utah, along State Route 36 (SR-36) between mileposts 57 and

58. At this location, SR-36 consists of four lanes, is oriented in the north-south direction, and
received a 1-in. OGSC layer in 2005.
Site 2 is located in Magna, Utah, along State Route 111 (SR-111) between mileposts 8
and 9. At this location, SR-111 consists of five lanes (including the median), is oriented in the
north-south direction, and received a 1-in. OGSC layer in 2006.
Site 3 is located in West Valley, Utah, along State Route 171 (SR-171) between
mileposts 2 and 3. At this location, SR-171 consists of three lanes (including the median), is
oriented in the east-west direction, and received a 1-in. OGSC layer in 2006.
Site 4 is located in Riverton, Utah, along State Route 71 (SR-71) between mileposts 0
and 1. At this location, SR-71 consists of five lanes (including the median), is oriented in the
east-west direction, and received a 1-in. OGSC layer in 2004.
Site 5 is located in Draper, Utah, along State Route 89 (SR-89) between mileposts 364
and 365. At this location, SR-89 consists of five lanes (including the median), is oriented in the
east-west direction, and received a 1-in. OGSC layer in 2005.
4.3.2.2

Region 4 Sites
Seven sites in Region 4 were selected for this research and are numbered from 6 to 12.
Site 6 is located near Scipio, Utah, along southbound Interstate 15 (I-15) between

mileposts 188 and 190. At this location, I-15 consists of a divided highway with two lanes in

48

each direction, is oriented in the north-south direction, and received a 3-in. SMA layer in August
of 2007.
Site 7 is located near Sulphurdale, Utah, along southbound I-15 between mileposts 129
and 130. At this location, I-15 consists of a divided highway with two lanes in each direction, is
oriented in the north-south direction, and received a 3-in. SMA layer in August of 2005.
Site 8 is located near Richfield, Utah, along eastbound Interstate 70 (I-70) between
mileposts 62 and 63. At this location, I-70 consists of a divided highway with two lanes in each
direction, is oriented in the east-west direction, and received a 3-in. SMA layer in August of
2007 and then a 0.25-in. chip seal in 2014.
Site 9 is located in Salina, Utah, along northbound SR-89 between mileposts 225 and
226. At this location, SR-89 consists of three lanes (a median with one lane in each direction), is
oriented in the north-south direction, and received a 3-in. SMA layer in August 2009.
Site 10 is located north of Redmond, Utah, along northbound SR-89 between mileposts
234 and 235. At this location, SR-89 consists of three lanes (a median with one lane in each
direction), is oriented in the north-south direction, and received a 3-in. SMA layer in August
2011.
Site 11 is located near Fremont Junction, Utah, along eastbound I-70 between mileposts
87 and 88. At this location, I-70 consists of a divided highway with two lanes in each direction,
is oriented in the east-west direction, and received a 3-in. SMA layer in August of 2011.
Site 12 is located west of Green River, Utah, along eastbound I-70 between mileposts 153
and 154. At this location, I-70 consists of a divided highway with two lanes in each direction, is
oriented in the east-west direction, and received a 3-in. SMA layer in August of 2008.
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Field and Laboratory Testing
Field testing for this research involved a three-phase data collection period that included
three site visits to consider the seasonal and temperature variations that influence pavement
friction. SN tests and pavement, tire, and ambient air temperature tests were performed during all
visits. SN values were measured in a race-track method by returning to the previous LWST test
location and repeating the measurement until four consecutive passes were obtained within 2
points of each other. The race-track procedure required collecting data repeatedly from each test
location until a set of four SNs that were within a 2-point spread was obtained.
Before field work, the sites were visited and inspected to locate representative pavement
sections free of crack sealant and other obvious pavement distresses. Four locations were
selected for testing at each site, and each test location was divided into three spots for BPN
measurements, as shown in Figures 4.2 and 4.3. A total of 46 BPN test locations were selected
within the 12 sites, and survey-grade nails were installed in the pavement surface to enable
repeated testing at the exact same locations during each visit.
In the laboratory, a correlation between curved and flat coupons was then established to
determine the proper BPT strike path length on a pavement surface in the field for the rubber
slider on the BPT. In this process, a modified 7-in. curved coupon was made by combining two
traditional 3.5-in. molds, as shown in Figure 4.4. The large coupon was polished on the polish
wheel, measured while curved, heated in the oven, and then flattened straight while warm. Next,
the length of the strike path to be applied to the flat coupon to achieve a similar BPN value as
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Figure 4.2 Testing protocols for each location.
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Figure 4.3 Testing protocols for each site.

51

B

C

Sta 9+50

Figure 4.4 Custom molds for creating large coupons.

that measured on the curved coupon was determined by adjusting the strike path on the flat
coupon until the BPN was identical to that measured on the curved coupon. It was found that a
3.875-in. strike path on a flat, polished surface was equivalent to a 3-in. strike path on a curved,
polished coupon. Therefore, all field measurements were conducted using a 3.875-in. strike path,
as shown in Figure 4.5, rather than the standard 5-in. strike path typically used for BPT field
testing. In addition, a 1.25-in. rubber slider, which was utilized in the laboratory to determine the
equivalent strike path length, was also used in the field for consistency; even though use of a 3in. slider is more common in the field, use of a 1.25-in. slider was necessary in this research to
eliminate confounding variables that could have been inadvertently incorporated if a 3-in. rubber
slider had been used in the field.
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Figure 4.5 Ruler marked for strike path of 3.875 in.

Field testing of pavement friction using the BPT was performed during the first and last
visit. Laboratory testing of PV was performed only one time because the micro-friction
properties of the aggregate remained constant. Because summer testing yields lower SN values
due to higher temperatures and debris accumulation on the road surface (Oliver et al. 1988), SN
values should ideally be measured in the spring or fall to collect values representative of average
annual conditions (Anderson et al. 1986). In consideration of these seasonal effects, field data
were collected three separate times for this research. The first time was during the summer of
2014, the second time was in the fall of 2014, and the third time was in the summer of 2015. The
three collection periods represented average annual conditions in Utah and were not
exceptionally dry or wet during the course of the season.
After the 12 sites were tested in 2014 and before testing commenced in 2015, an
opportunity arose to borrow selected equipment for measuring pavement texture and friction
from the FHWA. Through the FHWA equipment loan program, the state DOTs and partnering
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research institutions can request equipment loans to become acquainted with the devices or use
them as part of a pavement friction or texture testing study. UDOT requested the DFT and CTM
from the FHWA, as shown in Figure 4.6, for this research. The machines were available in Utah
for two months, June and July 2015, and then returned to the FHWA. During this time, an
instructor from Pennsylvania State University visited Brigham Young University to provide a
day-long workshop on operating the devices, as shown in Figure 4.7. The loan program
significantly benefited the objectives; while UDOT requested the equipment and maintained
responsibility, the DFT and CTM were exclusively used for this research at the 12 test sites to
enable additional correlations. Discussions of procedures utilized to collect the data required in
this research are provided in the following subsections.

Figure 4.6 Equipment loaned by FHWA.
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Figure 4.7 Instructor providing DFT training.

Data Collection
Data collection included determinations of values for BPN, PV, SN measured using an
LWST, temperatures (pavement, tire, and ambient air), SN measured using a DFT, MPD
measured using a CTM, and MTD measured using an SPT. While PVs were measured in the
laboratory, all of the other measurements were obtained in the field.
At each of the 12 test sites, four locations in the inside wheel path of the outside lane
were selected for BPN testing, as shown in Figure 4.8. Each location was tested at three spots.
Spots A and B were in the wheel path, and spot C was in the middle of the lane between wheel
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Figure 4.8 BPT in the left wheel path.

paths, as designated previously in Figures 4.2 and 4.3. Locations were selected in areas
considered to be representative of the roadway and free from obvious cracking and surface
defects. Each location was spray-painted with two adjacent 2-ft-square boxes. The pavement
within each box was first swept clean with a brush, and then the BPN was measured in the center
of each box, ensuring that the strike path also covered a representative area of pavement. BPNs
were measured in general accordance with AASHTO T 278 at each of the three test spots in each
of the four sections at each of the 12 sites, for a total of 144 BPN measurements recorded during
each testing season. Spots were occasionally tested outside the box for informational purposes
and calibration checks. The following subsections describe each test used for data collection.
4.3.4.1

British Pendulum Tester
A BPT was used to determine the BPN at the race-track test locations, as shown in Figure

4.9. The test locations were chosen in areas where the most negligible grade changes, surface
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Figure 4.9 Measuring surface friction with a BPT.

defects, and inconsistencies were observed. For this research, any debris on the pavement surface
at the contact points was brushed away before wetting to ensure accurate readings. Next, the
pendulum was leveled using a bubble level and then adjusted to provide a 3.875-in. strike path as
previously determined in the laboratory. Finally, the pendulum was dropped, and a measurement
was recorded. Multiple measurements were obtained at the same location until four consecutive
measurements resulted in the same value, which was then reported as the BPN. Along the LWST
skid path of each race-track test location, two BPN friction measurements were obtained
approximately 3 ft apart. The pendulum was dropped along a 3.875-in. strike path in the inside
wheel path of the outside lane, parallel to the centerline.
4.3.4.2

Polish Value
PVs were measured in the laboratory, as shown in Figure 4.10, following ASTM E303,

AASHTO T 278, and AASHTO T 279. Initial and terminal PVs were measured. Aggregate
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Figure 4.10 Accelerated polish machine.

coupons were fabricated using the same aggregate with which the existing pavements were
constructed by sampling from the same aggregate stockpiles that were used during pavement
construction. As recommended by previous researchers (Moon and Chen 1996), the samples
were prepared to avoid bias by randomly selecting and placing aggregate particles in the process
of coupon fabrication.
4.3.4.3

Skid Number
The SN was measured by UDOT personnel using an LWST following ASTM E274. The

LWST, which is shown in Figure 4.11, was used to collect data during three different months,
including July 2014, November 2014, and June 2015. The race-track method was again used to
collect multiple SNs at selected locations.
Before friction testing, the LWST was calibrated and checked for cold tire inflation
pressure and tread depth. Then, data were collected in a race-track method by returning to the
previous LWST test location and repeating the measurement until four consecutive passes were
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Figure 4.11 Spray nozzle on LWST.

obtained within 2 points of each other. The race-track procedure required gathering data from the
initial conditioning runs and subsequent test runs until a set of four SNs within a 2-point spread
was obtained. In some cases, up to 10 passes were required to obtain repeatable SN
measurements.
The SN value recorded was the average of the four consecutive tests meeting the 2-point
criterion. The LWST was set to manual mode and controlled by the driver. The LWST skid path
length was approximately 80 ft and began at station 0+00 of the test sections. The race-track test
locations were chosen in areas where the most negligible grade changes, surface defects, and
inconsistencies were observed. For both the network and race-track test procedures, the LWST
maintained the test speed of 40±2 mph with few exceptions. Therefore, it was possible to obtain
four SNs within a 2-point spread at most race-track test locations.
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4.3.4.4

Temperature
Pavement and tire temperature measurements were obtained using an infrared non-

contact thermometer. In addition, an internal vehicle-mounted thermometer attached to the truck
towing the LWST was used to measure the ambient air temperature.
4.3.4.5

Mean Texture Depth
The SPT was used to measure MTD in general accordance with ASTM E965 (Standard

Test Method for Measuring Pavement Macrotexture Depth Using a Volumetric Technique) at
spot A within each of the four test locations at each site, as shown in Figure 4.12. Each test
location was cleared of debris by sweeping the road surface with a small, stiff, bristle brush. A
known volume of dry Ottawa sand was then poured onto the road surface to form a cone. The
sand was spread with a spreading disc to create a circular patch, within which all the surface
depressions between the aggregate peaks were filled to level. The diameter of the circular patch

Figure 4.12 Measuring MTD using the SPT.
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was then measured at four locations equally spaced around the perimeter of the patch, as shown
in Figure 4.12. The sand was used only once, being discarded after each test.
4.3.4.6

Dynamic Friction Tester
The DFT is a newer device than the BPT for measuring in-situ pavement friction. As

mentioned previously, the DFT is a portable instrument with three rubber sliders, similar to the
BPT, mounted to the bottom of a rotating disc. The spinning disc is brought up to equivalent
highway speeds (0–65 mph) and then lowered onto the pavement surface. The DFT continuously
measures friction as it slows down gradually due to the friction between the sliders and the test
surface. Like the LWST test and BPT, water is sprayed onto the surface before testing with the
DFT. The coefficient of friction is calculated by dividing the continuously measured torque force
by the weight of the spinning disc. Testing is performed according to ASTM E1911.
One advantage of the DFT compared to the BPT is that the former continuously measures
friction at speeds from approximately 0 to 65 mph, whereas the latter can only measure with the
rate at which gravity pulls the pendulum arm down (around 8 mph). Research has indicated that
correlations between the LWST, which operates at 40 mph, and the DFT are stronger than
correlations between the LWST and BPT for that reason (Smith 2016, Henry 2000). Another
advantage of the DFT is that its footprint is the same size as the testing footprint of the CTM.
Combining the DFT and CTM values allows for calculation of an IFI number, a value used to
harmonize friction measurements between a wide variety of testing devices around the world.
The DFT tests were performed in the exact same locations as the LWST skid path and
BPT tests. Four DFT tests were performed at each of 11 sites, for a total of 44 tests (one of the
original 12 sites had been overlaid with a new pavement surface and was no longer available).

61

All tests were conducted according to ASTM E1911. The DFT is depicted in Figures 4.13, 4.14,
and 4.15.

Figure 4.13 DFT testing alongside BPT.

Figure 4.14 DFT friction testing device.
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Figure 4.15 Underside of DFT showing three rubber sliders.

4.3.4.7

Circular Texture Meter
Another device used for measuring the texture of a pavement is the CTM, as shown in

Figure 4.16. The CTM utilizes a laser to scan the surface of pavements in a circular pattern to

Figure 4.16 CTM device.
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calculate an MPD. The CTM is stationary and takes approximately 30 seconds to complete a test.
The footprint of the laser scan is the same size and shape as those of the DFT. The CTM tests
were performed in the exact same locations as the LWST skid path, BPT, and DFT tests. Four
tests were performed at each of the 11 available sites, for a total of 44 tests. All tests were
performed according to ASTM E2157.

4.4

Results
Following data collection and reduction, the SN, BPN, and PV results were investigated

for correlations. In addition, the results of several other tests or measurements were also
investigated for correlations, including AADT, pavement temperature, SN measured using the
DFT, MPD measured using the CTM, and MTD measured using the SPT. The results of this
research were obtained in two phases and are specific to the pavement surface characteristics and
climatic conditions present at each site. The first phase was conducted in 2014, and the second
phase was completed in 2015. Each phase consisted of the same testing procedures. The
following subsections describe the results for the three correlations between the SN and BPN,
BPN and PV, and PV and SN that were developed to address the primary objective, for which
equations are also presented. Finally, to address the secondary objective, correlations among
several other measurements are shown, including relationships between SN (LWST) and AADT,
pavement temperature and SN (LWST), SN (DFT) and BPN, MPD and BPN, MPD and SN
(DFT), SN (LWST) and SN (DFT), MTD and SN (LWST), MTD and BPN, and MPD and MTD.

Correlation Between SN (LWST) and BPN
To address the primary objective of developing a three-way correlation of measurements
between the BPT in the field, the BPT in the laboratory, and the LWST, additional analyses were
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performed. Figures 4.17 and 4.18 present data collected using the 1.25-in.-wide rubber slider and
the 3-in.-wide rubber slider, which are generally consistent with previous research studies (Fu
and Chien 1998). The purpose of using two different sliders was to determine which one
performed better in reducing variability in the testing. It appears that the 3-in. slider provides
stronger correlations; correlations with the 1.25-in. slider had an R2 value of 0.75, while those
with the 3-in. slider had a slightly higher R2 value of 0.81. However, the 1.25-in. slider with a
3.875-in. strike path had a very similar correlation of 0.75, and, most importantly, the 1.25-in.
slider is also the same size slider as that used in the laboratory. Therefore, the 1.25-in. slider was
used in establishing the correlation between the LWST and BPT measurements.

70

SN (LWST)

60
50
40
30
20
y = 1.22x - 5.6
R² = 0.75

10
0

25

30
35
40
45
50
55
60
65
BPN with 1.25-in.-wide slider and 3.875-in. strike path

Figure 4.17 Relationship between SN measured using LWST and BPN measured using
1.25-in. slider.
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Figure 4.18 Relationship between SN measured using LWST and BPN measured using 3in. slider.
Correlation Between BPN and PV
For the second correlation, the plot of the relationship between BPN and PV is shown in

BPN with 1.25-in.-wide slider and
3.875-in. strike path

Figure 4.19. When comparing the PV from the accelerated polish test to the BPN, the R2 value is
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Figure 4.19 Relationship between BPN and PV.
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35

0.63. This R2 value is 25 percent lower than the R2 value for the first correlation between SN and
BPN and is the lowest of the three correlations. However, this difference may be explained
because the polish test represented conditions typical of the end of service life, and the BPT test
conducted on the road surface was performed at an unknown point in time along the polish
deterioration curve. For this reason, an R2 value of 0.63 is quite good.

Correlation Between PV and SN (LWST)
The third correlation for the primary objective between laboratory PV and SN measured
using the LWST had the strongest correlation among the three correlations, with an R2 value of
0.81 as shown in Figure 4.20. This correlation and the previous two correlations quantify the
relationships between the SN measured with the LWST in the field, the BPN measured with the
BPT in the field, and the PV measured with the BPT in the laboratory.
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Figure 4.20 Relationship between PV and SN measured using LWST.
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Correlation Between SN (LWST) and AADT
Comparing SN to AADT in Figure 4.21 shows the opposite of the expected outcome. The
data in Figure 4.21 suggest that, as traffic increases, the SN also increases. In this case, the
surface of the OGSC could be raveling and leaving behind deep pockets of texture, heavy with
macro-texture, which can increase friction.

Correlation Between Pavement Temperature and SN (LWST)
A plot of pavement temperature and SN from Region 2 is given in Figure 4.22, which
shows an R2 value of 0.45 and suggests that variability in temperature accounts for almost half of
the variability in SN. The correlations between pavement temperature and SN in Regions 2 and 4
are not as strong as those between pavement temperature and SN in Region 2 alone. However,
this difference may be explained by the observation that each region has a unique climate, and,
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Figure 4.21 Relationship between SN measured using LWST and AADT.
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Figure 4.22 Relationship between pavement temperature and SN for Region 2.

when combined, the difference between the two climate zones is masked. Pavement temperatures
measured in Region 4 were not plotted separately due to the small dataset. Further investigation
of the correlation between pavement temperature and SN is suggested for future research. The
findings align with the fact that the rubber becomes softer as temperatures increase, reducing
SNs.
Figures 4.23 and 4.24 combine both the Region 2 and Region 4 data to enable a broader
analysis. Figure 4.23 displays a correlation between BPN and average pavement temperature,
which indicates that, as the pavement temperature increases, the BPN decreases. This finding is
consistent with previous research discussed previously in Chapter 2.
This same downward trend is not only apparent with BPNs but is also apparent with SNs
measured using the LWST. Figure 4.24 shows that the SN decreases as pavement temperature
increases in Regions 2 and 4. The R2 value, 0.10, is not as high as the R2 value presented in
Figure 4.22, but the trend still holds between pavement temperature and SN. The significant
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Figure 4.23 Relationships between pavement temperature and BPN for Regions 2 and 4.
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Figure 4.24 Relationships between pavement temperature and SN for Regions 2 and 4.

difference in R2 values may be attributable to the rain and colder temperatures that occurred on
the first day of testing in Region 4. Other research studies have shown that the temperature effect
on SN can vary from 1.5 to 3 points per 10°F change in temperature (Rice 1977).
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Correlation Between SN (DFT) and BPN
Correlations were also made to compare the SN measured with the DFT to the BPN
measured with the BPT. Figures 4.25 and 4.26 show the correlations between SN and BPN for
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Figure 4.25 Comparison between SN measured using DFT and BPN measured using 1.25in. slider.
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Figure 4.26 Comparison between SN measured using DFT and BPN measured using 3-in.
slider.
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two different slider widths. In both instances, the R2 values (0.79 and 0.87) for the correlations
based on SN measured using the DFT (labeled as SN (DFT 20) to indicate the 20 kph speed at
which the DFT data were recorded) were higher than the R2 values (0.75 and 0.81) reported for
the corresponding correlations between SN measured using the LWST and BPN.

Correlation Between MPD and BPN
Correlations were also made to compare the MPD measured with the CTM to the BPN
measured with the BPT. Figures 4.27 and 4.28 show that the R2 values for the correlations
between MPD measured with the CTM and BPN for two different slider widths and strike path
lengths were 0.12 and 0.14, respectively. In both instances, the R2 values for the correlations
based on MPD data collected using the CTM were quite low; therefore, there does not appear to
be a strong correlation between MPD and BPN.
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Figure 4.27 Comparison between MPD measured using CTM and BPN measured using
1.25-in. slider and 3.875-in. strike path.
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Figure 4.28 Comparison between MTD measured using CTM and BPN measured using 3in. slider and 5-in. strike path.

Correlation Between MPD and SN (DFT)
The MPD measured with the CTM was compared to the SN measured with the DFT.
Figure 4.29 shows the correlation between MPD and SN, with an R2 value of 0.21. The R2 value
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Figure 4.29 Comparison between results of CTM and DFT.
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1.0

for this correlation is very low; therefore, there does not appear to be a strong correlation
between the results of the CTM and DFT devices.

Correlation Between SN (LWST) and SN (DFT)
The highest correlation achieved among all devices was between the SN measured using
the LWST and the SN measured using the DFT. In fact, the R2 value for this correlation, as
shown in Figure 4.30, increased by 21 percent (from 0.75 to 0.95) compared to the correlation
between the SN measured using the LWST and the BPN measured with a 1.25-in. slider and
3.875-in. strike path, shown previously in Figure 4.17. This correlation indicates that either
device could be substituted for the other and provide similar results.
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Figure 4.30 Comparison between SN measured using LWST and SN measured using DFT.
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Correlations Between MTD, SN (LWST), and BPN
As part of this study, correlations involving MTD measured using the SPT were also
investigated. As shown in Figure 4.31, the R2 value for the correlation between MTD and SN
measured using the LWST was 0.19. Similarly, as shown in Figure 4.32, the R2 value for the
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Figure 4.31 Comparison between MTD measured using SPT and SN measured using
LWST.
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Figure 4.32 Comparison between MTD measured using SPT and BPN.
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correlation between MTD and BPN was 0.15. Additional testing should be performed in the
future to determine if stronger correlations with MTD can be developed.

Correlation Between MPD and MTD
Finally, the correlation between MPD measured with the CTM and MTD measured with
the SPT was investigated in this study. As shown in Figure 4.33, the R2 value for the correlation
between MPD and MTD was very high at 0.96. This strong correlation indicates that the two
testing approaches can be used interchangeably with high confidence.
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Figure 4.33 Comparison between MPD measured using CTM and MTD measured using
SPT.
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Recommendations
The recommendation of this research is that UDOT engineers adopt the revised
variability-reducing laboratory friction testing techniques developed in this study, including the
following:
•

Using residual values when calculating BPN (as explained in Chapter 2)

•

Using a 3.875-in. strike path length with a 1.25.-in. slider, instead of a 5-in. strike
path length with a 3-in. slider, when correlating BPN in the field to the PV (as
explained in Chapter 4)

•

Randomly selecting and placing aggregate particles in the process of fabricating
coupons (as explained in Chapter 4)

•

Implementing a race-track method for field friction testing using the LWST (as
described in Chapter 4)

•

Using 20–30 graded Ottawa sand to fabricate control coupons when using the
accelerated polish test (as explained in Chapter 4).

The correlations obtained from this study should be implemented as the basis for
selecting target values for the UDOT friction management program. Specifically, it is now
possible to choose a PV specification according to the desired SNs, as shown in Figure 4.20. For
example, if an SN of 45 is desired, a PV specification of approximately 29 may be sufficient.
The correlations obtained between all three friction-testing devices for the primary objective are
shown in Figure 4.34.
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Figure 4.34 Correlations between SN, BPN, and PV.

4.5

Chapter Summary
Given that UDOT is missing a statistically adequate correlation equation between friction-

testing devices, the primary objective of the research presented in this chapter was to develop a
three-way correlation between the SN measured with the LWST in the field, the BPN measured
with the BPT in the field, and the PV measured with the BPT in the laboratory. In addition, as a
secondary objective, the results of several other tests or measurements were also investigated for
correlations, including AADT, pavement temperature, SN measured using the DFT, MPD
measured using the CTM, and MTD measured using the SPT.
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For the primary objective, after the strike path length had been established using the 1.25in. slider, the first correlation between SN (LWST) and BPN was developed, with an R2 value of
0.75. The second correlation between BPN and PV had an R2 value of 0.63, and the third
correlation between PV and SN (LWST) had an R2 value of 0.81. These correlations, for which
equations are also presented, quantify the relationships between the SN measured with the
LWST in the field, the BPN measured with the BPT in the field, and the PV measured with the
BPT in the laboratory.
For the secondary objective, correlations among AADT, pavement temperature, SN
measured using the DFT, MPD measured using the CTM, and MTD measured using the SPT
were developed, with R2 values ranging from 0 to 0.96. When comparing SN measured using the
LWST to AADT, the opposite of the expected outcome was observed. The data suggest that, as
traffic increases, the SN also increases; in this case, the pavement surface could be raveling,
which can increase friction. A plot of pavement temperature and SN measured using the LWST
from Region 2 shows an R2 value of 0.45 and suggests that variability in temperature accounts
for almost half of the variability in SN. The correlations between pavement temperature and SN
in Regions 2 and 4 are not as strong as those between pavement temperature and SN in Region 2
alone. The R2 values (0.79 and 0.87) for the correlations based on SN data collected using the
DFT were higher than the R2 values (0.75 and 0.81) reported for the correlations between SN
measured using the LWST and BPN. Additionally, correlations between MPD measured with the
CTM and BPN measured with the BPT were developed for two BPT slider configurations. In
both instances, the R2 values for the correlations based on MPD data collected using the CTM,
were quite low; therefore, there does not appear to be a strong correlation between MPD and
BPN. The MPD measured with the CTM was also compared to the SN measured with the DFT.
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The R2 value for this correlation was very low; therefore, there does not appear to be a strong
correlation between the results of the CTM and DFT devices. The highest correlation achieved
among all devices was between the SN measured using the LWST and the SN measured using
the DFT. In fact, the R2 value for this correlation increased by 21 percent compared to the
correlation between the SN measured using the LWST and the BPN measured with a 1.25-in.
slider and 3.875-in. strike path. This correlation indicates that either device could be substituted
for the other and provide similar results. Additionally, correlations among MTD measured using
the SPT, SN measured using the LWST, and BPN were developed, with very low R2 values.
Further testing should be performed in the future to determine if stronger correlations with MTD
can be developed. Finally, the correlation between MPD measured with the CTM and MTD
measured with the SPT was investigated in this study. The R2 value for the correlation between
MPD and MTD was very high at 0.96. This strong correlation indicates that the two testing
approaches can be used interchangeably with high confidence.
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5

5.1

EFFECT OF CARBONATE CONTENT ON AGGREGATE POLISHING

Introduction
The objective of the research presented in this chapter is to investigate selected

performance-related properties of aggregates used to produce surface treatments. These
aggregates have been placed at several field sites representative of those in Utah, including sites
in UDOT Regions 2 and 4. After correlations were developed between various field and
laboratory friction-testing devices on Utah pavements and temporal trends were statistically
analyzed for 9 years of field SNs, field and laboratory testing was initiated to identify polishsusceptible aggregates through XRD testing. The scope of this research included developing a
correlation between the SN measured using the LWST and the carbonate content measured using
XRD. Currently, only one method, the accelerated polish test, is used in Utah to prequalify
aggregates for use in pavement surfaces. Therefore, in addition to the accelerated polish test
discussed in previous chapters, XRD tests were performed on the aggregates utilized for
construction of the pavement surfaces at selected field sites in southern Utah. This chapter
reports the correlation between SN measured using the LWST and carbonate content measured
using XRD and provides recommendations for proactively identifying polish-susceptible
aggregates with XRD analysis. The following sections provide relevant background information,
describe the procedures, and discuss the results of this research.
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5.2

Background
Aggregates composed of soft minerals are more susceptible to polishing than aggregates

composed of hard minerals. Research has shown that dolomite and limestone, composed mainly
of calcium carbonate, are highly susceptible to polishing (Nichols et al. 1956, Quinn 1975,
Sherwood and Mahone 1970). Researchers in Virginia found in the 1950s that road surfaces
constructed with limestone aggregates were two times more likely to have crashes than were
pavements consisting of other aggregates (Nichols et al. 1956). Utah has abundant limestone
aggregates used in asphalt pavement on public roads. The limestone aggregates are
predominantly found in the southern part of the state, within Region 4.
DOTs use laboratory tests to identify and prequalify aggregates to prevent crashes and
ensure that polish-resistant aggregates are used on pavement surfaces; UDOT currently uses the
PV resulting from the accelerated polish test to prequalify aggregates for use in asphalt
pavements. However, a consensus among state DOTs has not been developed on which
prequalification tests can best predict polishing susceptibility and skid resistance. Furthermore,
no correlations relate laboratory test results to field LWST results in Utah. Therefore, this
research investigated two correlations; the first is between PV and carbonate content measured
using XRD testing, and the second is between SN measured with the LWST and carbonate
content measured using XRD testing.
XRD is a laboratory test that can analyze crystalline structures in aggregate and identify
polish-susceptible minerals like dolomite and limestone. XRD samples are analyzed by directing
an X-ray beam at a powdered sample, which scatters the beam into a pattern identifying the
crystalline structure.
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UDOT does not currently use XRD to identify polish-susceptible minerals but instead
utilizes the accelerated polish test to characterize the polish susceptibility of an aggregate in the
laboratory. During the accelerated polish test, which simulates vehicle traffic, the aggregate
samples are abraded with a rubber tire and silicon carbide grit solution for 10 hours to polish the
aggregates. In Utah, frictionally deficient pavements typically consist of soft limestone
aggregates located in areas with high traffic volumes. The current UDOT specification for
asphalt pavement requires that aggregates have a laboratory PV of 31 or greater. In addition,
UDOT requires pavements to have an SN value greater than or equal to 35, as measured with an
LWST. Therefore, a pavement is considered for rehabilitation when the SN drops below 35.
In a laboratory setting, the XRD and accelerated polish tests both have the potential to
detect the polish susceptibility of an aggregate before the aggregate is placed on the road surface.
Therefore, the results of these tests were compared with SN values measured in the field using an
LWST in this research.

5.3

Procedures
This research involved laboratory and field testing of seven polish-susceptible limestone

aggregates placed at nine different field sites in Utah. The aggregates were determined to be
polish-susceptible in previous research involving field measurements to characterize the surface
texture and friction (Smith 2016). As an extension of the previous study, the current research
involves 1) laboratory testing to evaluate carbonate content and polish susceptibility of limestone
aggregates and 2) field testing to evaluate in-situ levels of pavement surface friction.
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Laboratory Testing
Seven aggregate sources representing the nine field sites were sampled and analyzed in
the laboratory. The aggregate sources were selected to represent the soft limestone aggregates
regularly used in surface treatments in southern Utah. For characterization in this research,
representative samples of the aggregates used at the field sites were obtained from the same
aggregate pits utilized during pavement construction. Examples of selected aggregate particles
are shown in Figure 5.1.
The aggregate samples were individually pulverized into powder and prepared for XRD
analysis according to a modified method (Eberl 2003) to determine the mineralogy and mineral
content weight ratios. A representative powder sample of the prepared aggregate from each site
was used to fill an XRD sample container, shown in Figure 5.2, for analysis on the Rigaku
Miniflex 600 XRD diffractometer. The analysis of the resulting XRD pattern was completed
with RockJock and Rigaku’s PDXL software (Eberl 2003). The XRD data were then computer-

Figure 5.1 Aggregate particles before pulverization.
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Figure 5.2 Powdered aggregate samples in XRD machine.

analyzed using the Rietveld analysis technique, which determines the percentage of mineral
types in each sample. This software approach refines various metrics, including lattice
parameters, peak width and shape, and preferred orientation, to derive a calculated diffraction
pattern. Once the derived pattern can be matched to a nearly identical known pattern, various
properties pertaining to that sample can be obtained, including accurate quantitative information,
crystallite size, and site occupancy factors. The process of refining the pattern is computationally
intensive, requiring several minutes to calculate results for a multi-component mixture (Rigaku
2022). The results of this test include the percentages of carbonates.
In preparation for accelerated polish testing, the aggregate samples were washed, graded,
and set into coupons and then subjected to polishing using the accelerated polish machine
following AASHTO T 279, as shown in Figure 5.3. Afterwards, the PV of each coupon was
measured using a BPT following AASHTO T 278.
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Figure 5.3 Aggregate coupons on wheel of accelerated polish machine.

This process involved testing five aggregate coupons at a time. Once fabricated, the
coupons were measured for initial friction using the BPT. Next, the seven aggregates were
polished in the laboratory for 10 hours. To quantify the rate of polishing during the test,
intermediate PVs were collected at 2-hour intervals using the BPT.

Field Testing
Field testing of the nine sites involved the LWST, as shown in Figure 5.4, which
measures an SN value following ASTM E274. Field experiments were conducted at the nine
field sites during 2014 and 2015 using a race-track method to collect multiple SNs at selected
locations. The sites were selected based on pavement age and surface treatment type.
Specifically, sites consisting of chip seal and asphalt pavement surfaces were chosen among
other options because they consist of exposed aggregates that would experience polishing in the
field similar to the wearing mechanism in the accelerated polish test.
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Figure 5.4 LWST in operation.

5.4

Results
The laboratory and field test results are shown in Table 5.1, which displays the seven

aggregate sources and the associated values obtained from XRD and PV testing in the laboratory
and LWST testing in the field. The following subsections discuss the laboratory and field test
results.

Laboratory Testing
PV was measured in the laboratory for each of the seven aggregates by following the
standards previously mentioned, where initial and terminal PVs were measured. During the 10hour accelerated polish testing, intermediate PVs, measured at 2-hour intervals, were also
recorded, as shown for the Ferron aggregate in Figure 5.5 as an example. The PV test simulates
the effects of traffic at an accelerated rate. Displaying the PV test results for the aggregates with
the highest concentration of carbonates in 2-hour intervals helps visualize the gradual polishing
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Table 5.1 Properties of Tested Aggregates
Aggregate
Source
Ferron

Carbonate
Content
(%)
95.4

Polish
Value
23

Skid
Number
34.3

Geneva POM

11.0

33

56.5

Centerfield

88.3

24

23.0

Pineview

0

34

54.5

Gooseberry

42.4

30

58.3

Hastings

33.1

32

50.0

Scipio

68.6

31

49.8

Polish Value
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8

10

Time (hr)
Figure 5.5 PV results for Ferron aggregate.

effects. Figure 5.5 shows that the polishing rate of the Ferron source is the highest initially and
that the polish rate gradually decreases after approximately 4 hours.
As mentioned previously, aggregates with higher concentrations of carbonates are softer
and more susceptible to polishing under traffic. This expected correlation is confirmed in this
research and is evident in Figure 5.6, which shows that higher carbonate content corresponds to
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Figure 5.6 Comparison between PV and carbonate content.

lower PVs for the seven aggregates sources. The coefficient of determination, or R2 value, for the
correlation between carbonate content and PV is 0.87. While the sample size is small, the results
indicate a strong correlation.

Field Testing
Developing a correlation between SN in the field measured using the LWST and the
carbonate content measured in the laboratory has the potential to facilitate the prequalification of
aggregate sources. Prequalification can minimize the risk of placing polish-susceptible
aggregates on pavement surfaces. Similar to the laboratory correlation, the field correlation
between SN and carbonate content is shown in Figure 5.7. Again, higher carbonate content
corresponds to lower friction through lower SNs.
The R2 value for the correlation between SN and carbonate content is 0.68, as shown in
Figure 5.7. Again, although the sample size is small, the results indicate a strong correlation. As
additional samples are added to the dataset, the correlation relating SN to carbonate content is
89

65
Skid Number (SN)

55
45
35
25
15
5

R² = 0.68
0

20

40
60
Carbonate Content (%)

80

100

Figure 5.7 Comparison between SN and carbonate content.

expected to become even more defined. With this understanding, safer roads can be constructed
using polish-resistant aggregates.

5.5

Chapter Summary
The objective of the research presented in this chapter was to investigate selected

performance-related properties of aggregates used to produce surface treatments. The aggregates
have been placed at several field sites representative of those in Utah, including sites in UDOT
Regions 2 and 4. The scope of this research included developing a correlation between the SN
measured using the LWST and the carbonate content measured using XRD. Currently, only one
method, the accelerated polish test, is used in Utah to prequalify aggregates for use in pavement
surfaces. Therefore, in addition to the accelerated polish test discussed in previous chapters,
XRD tests were performed on the aggregates utilized for construction of the pavement surfaces
at selected field sites in southern Utah. PV was measured in the laboratory for each of the seven
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aggregates, and both initial and terminal PVs were measured. During the 10-hour accelerated
polish testing, intermediate PVs, measured at 2-hour intervals, were also recorded.
The results of the testing show that higher carbonate content corresponds to lower PVs
for the seven aggregates sources and that intermediate PVs, measured at 2-hour intervals,
gradually decrease after approximately 4 hours. The R2 value for the correlation between
carbonate content and PV is 0.87. While the sample size is small, the results indicate a strong
correlation.
Similarly, the R2 value for the correlation between SN and carbonate content is 0.68.
Again, although the sample size is small, the results indicate a strong correlation. As additional
samples are added to the dataset, the correlation relating SN to carbonate content is expected to
become even more defined. With this understanding, safer roads can be constructed using polishresistant aggregates.
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6

6.1

LITHIUM SILICATE TREATMENT OF AGGREGATES

Introduction
The objective of the research presented in this chapter is to examine the potential benefits

of lithium silicate treatment for improving the resistance of aggregates to polishing. After
developing correlations between various field and laboratory friction-testing devices on Utah
pavements and statistically analyzing the temporal trends of 9 years of field SNs, a field test was
initiated to examine the potential benefits of a lithium silicate treatment for improving the
resistance of aggregates to polishing. There has not been an investigation of the potential use of
lithium silicate solution in Utah as a hardening agent to decrease the rate of friction loss.
The project scope included laboratory PV testing of lithium-silicate-treated coupons and
evaluation of three lithium-silicate-treated test sections in the field. Accelerated polish machine,
BPT, and SPT were performed at each test section. The following sections provide relevant
background information, describe the procedures, and discuss the results of this research.

6.2

Background
Numerous agencies have extensively studied pavement friction over the past 70 years

(Rice 1977, Henry 2000). Using friction-testing devices such as the LWST, BPT, DFT, and
CTM, many of these agencies have developed deterioration curves for pavement friction for
different conditions such as temperature, season, traffic, and aggregate type (Anderson et al.
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1986). Such documentation of changes in friction over time under various conditions has enabled
these agencies to more effectively manage pavement friction in their respective jurisdictions.
Many transportation agencies routinely specify the use of polish-resistant aggregates at
the pavement surface to improve friction. There are several methods for potentially enhancing
the resistance of aggregates to polishing. Among these methods is the use of lithium silicate to
treat aggregates, which is the focus of this research. Lithium silicate solutions have the potential
to react with carbonate-rich aggregates and create a hardened shell that may extend the service
life of treated aggregates under trafficking. In particular, the objective of this research is to
examine the potential benefits of lithium silicate treatment for improving the resistance of
aggregates to polishing for asphalt pavement surfaces commonly used in southern Utah. While
studies with similar objectives have been performed for concrete roadway segments in other
geographic locations, the literature review conducted for this research did not identify
information on this topic for asphalt roadway segments in the Intermountain West. Therefore,
this work complements the current literature by contributing data relevant to climates
characterized by cold, dry conditions that lead to seasonal freezing and thawing typical of Utah.
Furthermore, because many counties and cities in Utah specify the same pavement surface types
as those used on state highways, the research results can be readily applied to those jurisdictions,
as well.
Research has shown that dolomite and limestone aggregates have high carbonate contents
and are highly susceptible to polishing (Nichols et al. 1956, Quinn 1975, Sherwood and Mahone
1970). For example, researchers in Virginia found in the 1950s that roads constructed with
limestone aggregates were two times more likely to have crashes than were pavements consisting
of other aggregates (Nichols et al. 1956). Therefore, DOTs use laboratory tests to identify and
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prequalify aggregates to prevent crashes and ensure that hard, polish-resistant aggregates are
used on pavement surfaces.
UDOT currently utilizes a PV determined from the accelerated polish test to characterize
the polish susceptibility of aggregates in the laboratory. The accelerated polish test involves use
of the British polishing wheel in conjunction with the BPT and is intended to simulate the
polishing effects that a pavement or aggregate undergoes in the field under vehicular trafficking.
In Utah, frictionally deficient pavements typically consist of soft limestone aggregates located in
areas with high traffic volumes. The current UDOT specification for asphalt pavement requires
that aggregates have a laboratory PV of 31 or greater. In addition, UDOT requires pavements to
have an SN value greater than or equal to 35, as measured with an LWST. Therefore, a pavement
is considered for rehabilitation when the SN drops below 35. In these situations, if the aggregates
could be treated with a polish-resisting solution, the agencies could lower their costs because
resurfacing would be required less frequently.
A lithium silicate treatment has the potential to react with the calcite in the aggregates
and create a hardened, densified shell of calcium-silicate-hydrate similar to the primary product
of portland cement hydration (Gransberg and Pittenger 2012). While the hardened shell may be
relatively thin, it may be sufficient to slow the process of aggregate polishing. This research
hypothesizes that contractors would be able to apply the lithium silicate solution to exposed
HMA aggregates that are potentially susceptible to polishing to delay resurfacing of the
pavement. For example, the lithium silicate solution could be applied to a new chip seal surface
or a recently reconditioned (shot-blasted) asphalt surface before significant polishing has
occurred.
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6.3

Procedures
This research involved laboratory and field testing of two highly polish-susceptible

limestone aggregates placed at three different field sites. Both aggregates had been previously
studied in-situ and characterized as being polish-susceptible in a prior research project involving
the LWST, BPT, DFT, CTM, and SPT to characterize the surface texture and friction (Smith
2016). As an extension of the previous research, the current study involved 1) laboratory testing
to evaluate how well the application of a lithium silicate solution can help aggregates resist
polishing and 2) field testing to evaluate how quickly the solution dries after initial application,
for the purpose of determining when a treated lane may be re-opened to trafficking.
Table 6.1 summarizes the route, location, travel direction, surface type, and placement
year for each of the three field sites, which are all located on pavements with relatively low
traffic volumes. As listed in Table 6.1, the pavement at site 1 consists of a chip seal with crushed
aggregate obtained from a local source near Salina, Utah. The pavement at sites 2 and 3 consists
of SMA produced using crushed aggregate obtained from a local source near Centerfield, Utah.
These aggregate sources represent the soft limestone aggregates sometimes used by UDOT in
surface treatments in southern Utah. For characterization in this research, representative samples
of the aggregates used at the field sites were obtained from the same aggregate pits utilized
during pavement construction. The following sections describe the laboratory and field testing
procedures.
Table 6.1 Descriptions of Field Test Sites
Site
1
2
3

Route
I-70
SR-89
SR-89

Location
Wheel Path
Wheel Path
Shoulder

Surface
Direction Type
EB
Chip Seal
NB
SMA
NB
SMA
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Placement
Year
2014
2009
2009

Laboratory Testing
Laboratory testing was performed to evaluate the ability of the lithium silicate treatment
to increase the resistance of the two separate aggregates to mechanical wear in the standard
laboratory polishing test. Two series of baseline control tests, including an untreated control
coupon and a lithium-silicate-treated coupon, were performed on each aggregate with the
accelerated polish machine. For the first series of untreated control coupons, the PV was
measured in the laboratory by testing the coupons in general accordance with ASTM E303,
AASHTO T 278, and AASHTO T 279. Five coupons were evaluated in each series of tests, as
shown in Figures 6.1 through 6.3. As previously explained in Chapter 4, the samples were
prepared to avoid bias by randomly selecting and placing aggregate particles in the process of

Figure 6.1 Aggregates in coupon mold before epoxy application.
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Figure 6.2 Aggregate coupons prepared for accelerated polish testing for sites 1 and 2.

Figure 6.3 Aggregate coupons prepared for accelerated polish testing for site 3.

fabricating coupons (Fu and Chen 1998). The potential benefits of the treatment were directly
measured by comparing the surface frictional properties of the coupons before and after
polishing using the BPT. Initial and terminal PVs were measured at 0 and 10 hours, respectively.
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The second series of tests were measured using the same test method; however, the
coupons were measured intermittently throughout the polishing process. Specifically, in addition
to the initial and terminal readings, intermediate readings were obtained at 2-hour intervals to
characterize the polishing rate after 2, 4, 6, 8, and 10 hours. The second set of coupons was
fabricated from the same aggregate samples used in the first series.
After the untreated aggregates were tested, the lithium-silicate-treated coupons were
prepared to compare to the control group. The lithium silicate solution provided for this research
was premixed in a half-gallon container by the supplier. The solution was poured into a sprayer
and applied to the coupons using a misting nozzle. The sprayer was weighed before and after
applications to ensure consistent application rates between coupons. The treated coupons were
allowed to cure at room temperature for 5 days before the accelerated polish testing was
performed. The curing period was selected to represent a reasonable time by which a reaction
between the lithium silicate and calcium carbonate would be expected to occur. The coupons
were weighed before and after the 5-day period to determine the actual weight gained from the
reaction and correct for moisture gain. The coupons were tested with the BPT to determine initial
BPN readings. The coupons were then placed on the accelerated polish wheel, as shown in
Figure 6.4. The wheel was rotated at 360 revolutions per minute while constantly supplying a
slurry of water and silicon carbide grit to facilitate polishing. At each 2-hour period, the wheel
was removed, the coupons were washed, and friction was measured using the BPT.
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Figure 6.4 Accelerated polish test wheel.

Field Testing
Field testing was performed to determine how the frictional properties of an asphalt
pavement surface change during the first few hours immediately after applying a lithium silicate
treatment. After a lithium silicate solution is applied to the pavement surface, it may exhibit
comparatively lower friction until it is thoroughly dried, and field testing was performed to
determine when it may be re-opened to trafficking. Therefore, the treatment was evaluated with
the BPT at three sites with high, medium, and low macro-texture to evaluate how a range of
textures affected the drying rate. The rubber slider and BPT used in the field are shown in
Figures 6.5 and 6.6, respectively.
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Figure 6.5 3-in.-wide slider used on BPT.

Figure 6.6 BPT used to measure friction.
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Field experimentation was conducted at the three field sites described in Table 6.1 during
the fall of 2016 and 2017. Two sites were located along US-89, and one site was located along I70 near Salina in southern Utah. The sites were selected based on texture depth and surface area
of exposed aggregate. Each site consisted of similar carbonate-rich, limestone aggregates. The
sites were on pavements with relatively low traffic volumes. Site 1 consisted of an SMA surface
treatment with low texture depth in the wheel path. Site 2 consisted of the identical SMA surface
but in the shoulder area with a medium texture. Finally, site 3 consisted of a chip seal surface
treatment with high texture in the wheel path.
At each of the three sites, two test areas were established. One test area was untreated,
being evaluated with water as a control, and the other test area was treated with the lithium
silicate solution. Three test locations were evaluated within each area, for a total of six test
locations per field site, as shown in Figure 6.7. Testing was initially performed in the dry
condition within the untreated control area and then again after applying water. Within the two

Figure 6.7 Measuring the drying time of lithium silicate solution at site 3.
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treated areas, testing was performed at 0, 0.5, 1.0, 2.0, and 4.0 hours following the treatment
application to measure the rate at which the lithium silicate solution dried.
The test locations were positioned along pavement sections exhibiting minimal grade
changes or surface defects. The BPT was then set up in the outside wheel path of the outside
lane, parallel to the centerline. Any debris present on the pavement surface at the location of
rubber slider contact was brushed away before wetting to ensure accurate readings. Finally, the
pendulum was dropped, and a measurement was recorded. Multiple measurements were obtained
at the same location until four consecutive measurements resulted in the same value, which was
then reported as the BPN.
The SPT was used to measure MTD at each site in general accordance with ASTM E965.
The SPT was performed by spreading a known volume of sand over a localized test area and
then measuring the surface area of the pavement covered by the sand, as shown in Figure 6.8.
The MTD was computed by dividing the sand volume by the pavement surface area.

Figure 6.8 SPT testing at site 3.
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6.4

Results
The following sections describe the results of laboratory and field testing and discuss the

potential benefits of lithium silicate treatment for enhancing the resistance of aggregates to
polishing.

Laboratory Testing
From the analysis of the laboratory data, Figures 6.9 and 6.10 show the first series of
testing with PV results at 0 and 10 hours. For the second series of data, Figures 6.11 and 6.12
show the PV at each 2-hour interval plotted in the form of a deterioration curve. The final PV
measured at 10 hours for the coupons treated with lithium silicate solution was compared to the
final PV of the coupons without treatment, and the difference suggests that lithium silicate
treatment increases resistance to polishing by approximately 1.4 points (6 percent), on average
for both aggregates, over 10 hours for the first series as shown in Figures 6.9 and 6.11 and by
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Figure 6.9 Comparison between BPN measured in the field at sites 1 and 2 and PV
measured in the laboratory.
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Figure 6.10 Comparison between BPN measured in the field at site 3 and PV measured in
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Figure 6.11 PVs for aggregate from sites 1 and 2.

approximately 1.7 points (8 percent), on average for both aggregates, over 10 hours for the
second series as shown in Figures 6.10 and 6.12.
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Figure 6.12 PVs for aggregate from site 3.

In addition, Figures 6.9 and 6.10 indicate that the lithium treatment may have reduced the
average initial BPN. A slippery residue was observed on the aggregate surface after the reaction
between the lithium silicate solution and the aggregate surface. The residue consisted of a
product that formed an undesirable gel upon rewetting (personal communication, J. Koebrick,
November 13, 2018). Previous research suggests that the gel can be scrubbed from the aggregate
surface or that the product, which forms the gel, can be treated with a catalyst to prevent gel
formation. Therefore, even though lithium silicate treatment appears to delay polishing effects,
its application to pavements similar to those studied in this research is not recommended due to
the slippery residue that can form. Thus, the formulation evaluated in this research will require a
subsequent scrubbing or catalyst treatment to either remove the residue or prevent its formation.

Field Testing
The field data were plotted over time to show how the friction values changed as the
treated surface dried. The results help determine when a treated pavement section may be re105

opened to trafficking. For example, although the treated surface appeared wet for over 2 hours
after application, the surface returned to the original friction values between approximately 30
and 60 minutes, as shown in Figures 6.13 to 6.15.
One unexpected finding of the field testing is that, upon rewetting of the treated surface
after it had dried, the BPN values decreased by as much as 31 points below that of the pavement
in the original wet condition. For site 2, this decrease after rewetting can be estimated from
Figure 6.14 by comparing the BPN value of 73 obtained in the initially wet condition to the BPN
value of 41 obtained in the rewetted condition at 300 minutes, which corresponds to an
approximately 44 percent drop in BPN for site 2. Similarly, after site 1 and site 3 were rewetted,
there was an observed drop in BPN of 17 and 25 percent, respectively. As observed in the
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laboratory testing, the reaction between the lithium silicate solution and the aggregate surface
appears to generate a product that forms an undesirable gel upon rewetting. In turn, this gel
creates a slippery interface between the rubber slider and aggregates, as shown by the “rewetted”
data in Figures 6.13, 6.14, and 6.15; rewetting involved adding water to the surface but not
retreating with the lithium silicate solution. Data for the untreated test locations are not presented
for elapsed times of 536 or 541 minutes in Figure 6.14 because data recording was terminated
when the BPN values of the untreated locations returned to their original values measured in the
dry condition.

Recommendations
While the lithium silicate solution appears to have improved the polish resistance of the
aggregates from sites 1 and 2 by an average of 1.4 points and the aggregate from site 3 by an
average of 1.7 points in the accelerated polish test, these results are also typical of normal
variability for the test method and may not be statistically significant. Furthermore, this potential
benefit is overshadowed by the large decrease in BPN value, up to 44 percent as measured in the
wet condition, that can occur upon rewetting of lithium-silicate-treated sections. Given that the
reaction between the lithium silicate solution and the aggregate surface appears to generate a
product that forms an undesirable gel upon rewetting, this process of applying a lithium silicate
solution to an asphalt pavement surface and then reopening it to traffic cannot be recommended
at this time. Instead, further research should focus on methods of either removing the residue or
preventing its formation.

108

6.5

Chapter Summary
The objective of the research presented in this chapter was to examine the potential

benefits of lithium silicate treatment for improving the resistance of aggregates to polishing. This
research involved laboratory and field testing of two highly polish-susceptible limestone
aggregates placed at three different field sites. Both aggregates had been previously studied insitu and characterized as being polish-susceptible in a prior research project involving the
LWST, BPT, DFT, CTM, and SPT to characterize the surface texture and friction. As an
extension of the previous research, the current study involved 1) laboratory testing to evaluate
how well the application of a lithium silicate solution can help aggregates resist polishing and 2)
field testing to evaluate how quickly the solution dries after initial application, for the purpose of
determining when a treated lane may be re-opened to trafficking.
Regarding laboratory testing, the final PV measured at 10 hours for the coupons treated
with lithium silicate solution was compared to the final PV of the coupons without treatment, and
the difference suggests that lithium silicate treatment increases resistance to polishing by
approximately 1.4 points (6 percent), on average for both aggregates, over 10 hours for the first
series and approximately 1.7 points (8 percent), on average for both aggregates, over 10 hours
for the second series. These results are also typical of normal variability for the test method and
may not be statistically significant.
Regarding field testing, plots of the BPN data over time indicated that, although the
treated surface appeared wet for over 2 hours after application, the surface returned to the
original friction values between approximately 30 and 60 minutes. However, upon rewetting of
the treated surface after it had dried, the BPN values decreased by as much as 31 points (44
percent) below that of the pavement in the original wet condition. Given that the reaction

109

between the lithium silicate solution and the aggregate surface appears to generate a product that
forms an undesirable gel upon rewetting, this process of applying a lithium silicate solution to an
asphalt pavement surface and then reopening it to traffic cannot be recommended at this time.
Instead, further research should focus on methods of either removing the residue or preventing
its formation.
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7

7.1

CONCLUSION

Summary
Friction is one of the essential aspects of pavement performance and safety.

Unfortunately, the rate at which friction data are being collected exceeds the rate at which the
data can be proficiently analyzed. Furthermore, UDOT lacks long-term trend analysis for the
many years of LWST data collected in Utah. In addition, UDOT is missing a statistically
adequate correlation equation between friction-testing devices. Likewise, only one method is
used in Utah to prequalify aggregates for use in pavements. Finally, there has not been an
investigation of the potential use of lithium silicate solution in Utah as a hardening agent to
decrease the rate of friction loss. Therefore, to address these deficiencies, five objectives were
developed for this research:
1. Investigate pavement friction factors that influence skid resistance; methods of
measuring skid resistance in the laboratory and the field, including correlations
between test results; methods of evaluating aggregate sources; and methods of
enhancing skid resistance of asphalt pavements through a comprehensive literature
review on these subjects.
2. Investigate temporal trends in SNs measured using the LWST on Utah highways with
different surface treatment types. In addition to age, examine other factors that may
influence skid resistance measurements.
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3. Develop a three-way correlation between the SN measured with the LWST in the
field, the BPN measured with the BPT in the field, and the PV measured with the
BPT in the laboratory.
4. Investigate selected performance-related properties of aggregates used to produce
surface treatments at several field sites representing Utah conditions, including sites
in UDOT Regions 2 and 4.
5. Examine the potential benefits of lithium silicate treatment for improving the
resistance of aggregates to polishing.
The research included a literature review, field testing, and laboratory experimentation for the
five separate objectives.

7.2

Findings and Recommendations
The following sections summarize the findings and recommendations for each of the five

objectives.

Literature Review
The literature review yielded valuable information and was critical for identifying
deficiencies in the current state of the knowledge and guiding this research. As a result of the
literature review, a synthesis of existing information about skid resistance on asphalt pavements
in Utah was compiled.

Temporal Trends in Skid Resistance
Given that UDOT lacks long-term trend analysis for the many years of LWST data
collected in Utah, the objective of this research was to investigate temporal trends in SNs
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measured using the LWST on Utah highways with seven specific surface treatment types. The
statistical analysis of 9 years of LWST data yielded valuable information about the trends
observed.
First, although the SNs of the varying pavement surface types ranged widely, with the
slurry seal performing the best with an average SN of 60 and SMA performing the worst with an
average SN of around 47, the average SN for the approximately 37,500 SNs included in this
study is 54, which is substantially higher than the intervention level of 35 set by UDOT for
pavement friction along highways in Utah; therefore, all pavement type averages were
acceptable according to the UDOT standards.
Second, the average SN for OGSC surfaces is 53, and the data indicate that OGSC loses
about 6 points of SN, on average, due to seasonal effects. The data suggest that the SN for
pavement sections with OGSC increases the longer the surface is in place, up to at least 12 years.
It has been reported in the literature that SNs decrease during the summer months due to higher
pavement temperatures and reduced micro-texture. Therefore, this increase in friction is not
realistic. It appears to result from a lurking variable that masks the actual SN.
Third, slurry seal has the highest average SN of 60. As the slurry seal increases in age,
the SN also increases. The slurry seal also gains about 12 points of SN value due to seasonal
effects. As previously mentioned and similar to OGSC, this increase in friction over time is not
realistic and appears to result from a lurking variable that masks the actual friction value.
Although only two regions use slurry seals, they provide relatively good friction values over time
and seasons
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Fourth, SMA has the lowest average SN of 47, which is 13 points (22 percent) lower than
the highest average SN of 60, which was measured for slurry seal. The SN of SMA pavement
surfaces appears to increase more than the SN of any other pavement surface as traffic increases.
It is unusual to see SN values increase due to increased trafficking; on average, SN values
typically decrease with increasing traffic. This same behavior was also slightly noticeable on
OGSC pavement surfaces. This behavior, which has also been observed anecdotally by UDOT
materials engineers, may be related to the coating of asphalt binder on the larger surface
aggregates in an SMA. This phenomenon could also explain why the SN could be lower during
the first year, higher during the second year, and lower during the third year. The literature has
documented that fully exposing the micro-texture of the SMA aggregates can require a period of
time ranging from 9 months to 2 years.

Correlations Among Field and Laboratory Skid Resistance Measurements
Given that UDOT is missing a statistically adequate correlation equation between
friction-testing devices, the primary objective of this research was to develop a three-way
correlation between the SN measured with the LWST in the field, the BPN measured with the
BPT in the field, and the PV measured with the BPT in the laboratory. In addition, as a
secondary objective, the results of several other tests or measurements were also investigated for
correlations, including AADT, pavement temperature, SN measured using the DFT, MPD
measured using the CTM, and MTD measured using the SPT.
For the primary objective, after the strike path length had been established using the 1.25in. slider, the first correlation between SN (LWST) and BPN was developed, with an R2 value of
0.75. The second correlation between BPN and PV had an R2 value of 0.63, and the third
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correlation between PV and SN (LWST) had an R2 value of 0.81. These correlations, for which
equations are also presented, quantify the relationships between the SN measured with the
LWST in the field, the BPN measured with the BPT in the field, and the PV measured with the
BPT in the laboratory. For the secondary objective, correlations among AADT, pavement
temperature, SN measured using the DFT, MPD measured using the CTM, and MTD measured
using the SPT were developed, with R2 values ranging from 0 to 0.96.

Effect of Carbonate Content on Aggregate Polishing
The objective of this research was to investigate selected performance-related properties
of aggregates used to produce surface treatments. The scope of this research included developing
a correlation between the SN measured using the LWST and the carbonate content measured
using XRD. Currently, only one method, the accelerated polish test, is used in Utah to prequalify
aggregates for use in pavement surfaces. Therefore, in addition to the accelerated polish test,
XRD tests were performed on the aggregates utilized for construction of the pavement surfaces
at selected field sites in southern Utah.
The results of the testing show that higher carbonate content corresponds to lower PVs
for the seven aggregates sources and that intermediate PVs, measured at 2-hour intervals,
gradually decrease after approximately 4 hours. The R2 value for the correlation between
carbonate content and PV is 0.87. While the sample size is small, the results indicate a strong
correlation.
Similarly, the R2 value for the correlation between SN and carbonate content is 0.68.
Again, although the sample size is small, the results indicate a strong correlation. As additional
samples are added to the dataset, the correlation relating SN to carbonate content is expected to
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become even more defined. With this understanding, safer roads can be constructed using polishresistant aggregates.

Lithium Silicate Treatment of Aggregates
The objective of this research was to examine the potential benefits of lithium silicate
treatment for improving the resistance of aggregates to polishing. There has not been an
investigation of the potential use of lithium silicate solution in Utah as a hardening agent to
decrease the rate of friction loss. Lithium silicate solutions have the potential to react with
carbonate-rich aggregates and create a hardened shell that may extend the service life of
aggregates under trafficking. This study involved 1) laboratory testing to evaluate how well the
application of a lithium silicate solution can help aggregates resist polishing and 2) field testing
to evaluate how quickly the solution dries after initial application, for the purpose of determining
when a treated lane may be re-opened to trafficking.
Regarding laboratory testing, the final PV measured at 10 hours for the coupons treated
with lithium silicate solution was compared to the final PV of the coupons without treatment, and
the difference suggests that lithium silicate treatment increases resistance to polishing by
approximately 1.4 points (6 percent), on average for both aggregates, over 10 hours for the first
series and approximately 1.7 points (8 percent), on average for both aggregates, over 10 hours
for the second series. These results are also typical of normal variability for the test method and
may not be statistically significant.
Regarding field testing, plots of the BPN data over time indicated that, although the
treated surface appeared wet for over 2 hours after application, the surface returned to the
original friction values between approximately 30 and 60 minutes. However, upon rewetting of
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the treated surface after it had dried, the BPN values decreased by as much as 31 points (44
percent) below that of the pavement in the original wet condition. Given that the reaction
between the lithium silicate solution and the aggregate surface appears to generate a product that
forms an undesirable gel upon rewetting, this process of applying a lithium silicate solution to an
asphalt pavement surface and then reopening it to traffic cannot be recommended at this time.
Instead, further research should focus on methods of either removing the residue or preventing
its formation.

7.3

Main Contributions
This research has substantially advanced the body of knowledge on pavement friction

testing and improving the resistance of aggregates to polishing in Utah through laboratory and
field experimentation. As a result of the literature review, a synthesis of existing information
about pavement friction was compiled. In addition, an investigation into temporal trends in SN
measured using the LWST was conducted. Findings and recommendations from the statistical
analysis of 9 years of LWST data were subsequently documented. A laboratory and field testing
program including 12 pavement sites throughout Utah was then developed to evaluate
correlations among the results of five friction-testing devices. Aggregate samples obtained
during the field testing were characterized in terms of carbonate content, which was correlated to
PV. Finally, the potential benefits of lithium silicate treatment for improving the resistance of
aggregates to polishing, as well as observations about the formation of a slippery residue upon
rewetting, were then documented. In summary, this research provided information on pavement
friction testing in the laboratory and field that is expected to be highly valuable to many state
DOTs implementing the use of various friction-testing devices
.
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